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EXECUTIVE  SUMMARY 

Turbine  design  has  been  driven  by  the  need  to  increase  turbine  inlet  temperature  and 
aerodynamic  efficiency  while  achieving  adequate  life  through  cooling.  Turbines  could  be  further 
improved  if  the  aerodynamic  design  could  reduce  the  heat  transfer  to  the  wall.  This  would  benefit 
the  turbine  either  in  the  form  of  higher  gas  temperature  at  fixed  wall  temperature  and  cooling  flow, 
reduced  cooling  flow,  reduced  wall  temperature,  or  some  combination  of  the  three.  At  the  current 
state  of  the  art,  this  type  of  integration  of  the  turbine  aerodynamics  and  cooling  is  still  primitive  - 
commonly  limited  to  attempting  to  preserve  laminar  flow  over  as  much  of  the  suction  surface  of 
the  airfoils  as  possible. 

The  overall  goal  of  this  work  was  to  examine,  in  a  preliminary  fashion,  how  the  heat  loa*l 
to  turbines  might  be  reduced  by  aerodynamic  design.  The  effort  consisted  of  three  distinct 
investigations:  (1)  a  look  at  boundary  layer  modification  to  reduce  heat  transfer,  (2)  an 
examination  of  the  role  of  inviscid  flow  aerodynamics  on  heat  load,  and  (3)  an  estimation  of 
measurement  technology  required  to  assess  the  heat  transfer  and  aerodynamic  performance  in  a 
modern  turbine  test  facility.  This  report  is  thus  organized  into  three  independent  sections,  the 
important  results  of  which  are  summarized  in  the  following  paragraphs. 

An  examination  of  the  literature  indicated  that  riblets  -  shallow  wall  grooves  oriented  in  the 
streamwise  direction  -  offered  the  most  promising  method  of  influencing  the  boundary  layer  to 
reduce  turbine  heat  transfer.  Riblets  have  been  extensively  tested  and  shown  to  reduce  drag  on  tlic 
order  of  5  to  10  percent.  Their  influence  on  heat  transfer  had  not  been  well  documented.  Since 
riblets  are  not  well  understood  theoretically,  heat  transfer  effects  could  not  be  establishe.i 
analytically  or  numerically;  an  experiment  was  requir«J. 

As  a  starting  point,  the  influence  of  riblets  on  heat  transfer  in  an  incompressible,  zero- 
pressure  gradient,  flat  plate  boundary  layer  was  parametrically  investigated.  A  two-dimensional, 
low  turbulence,  constant  pressure,  constant  wall  temperature  wind  tunnel  was  constructed  with  one 
wall  flat  and  the  other  with  riblets.  Measurements  were  conducted  simultaneously  on  both  walls. 
The  walls  were  heated  electrically  and  the  heat  flux  to  the  fluid  was  inferred  from  a  measurement 
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of  the  electrical  dissipation  after  accounting  for  other  heat  losses.  Overall  heat  transfer  coefficient 
accuracy  was  estimated  at  better  than  0.5%.  The  boundary  layer  profile  was  measured  with 
traversing  probes.  The  observed  drag  reduction  followed  that  reported  by  other  investigators 
reaching  a  maximum  of  7%  at  15  wall  units.  The  heat  transfer  reduction  followed  that  of  the  drag, 
reaching  a  maximum  value  of  5%,  also  at  15  wall  units. 

Overall,  the  results  of  these  tests  were  encouraging.  Future  work  in  this  area  might  include 
extending  the  wind  tunnel  testing  to  boundary  layers  with  curvature  and  pressure  gradient  and 
eventually  rig  testing  a  turbine  with  riblets.  Should  these  flat  plate  results  translate  directly  to 
similar  performance  on  an  engine  turbine,  a  5  percent  reduction  in  cooling  air  and  a  0.2  to  0.7 
percent  improvement  in  aerodynamic  efficiency  would  result.  For  a  large  gas  turbine,  the  riblet 
dimensions  would  be  on  the  order  of  20  microns.  Thus,  they  might  be  considered  a  patterning  on 
the  surface  or  thermal  barrier  coating. 

Section  2  of  this  report  deals  with  the  development  of  a  two-dimensional  turbine  airfoil 
design  tool  to  facilitate  design  optimization  for  minimum  heat  transfer.  In  particular,  an  integral 
method  was  developed  for  predicting  heat  transfer  and  boundary  layer  losses  in  a  two-dimensional 
airfoil.  The  objective  was  to  develop  a  fast  computer  code  capable  of  predicting  loss  and  heat 
transfer  trends  that  was  compatible  with  the  ISES  inverse  design  code  that  is  widely  used  by 
industry  for  the  two-dimensional  design  of  airfoils.  By  adding  the  heat  transfer  to  the  coupled 
inviscid-boundary  layer  formulation  of  ISES,  the  optimization  of  airfoil  shape  for  minimum  heat 
transfer  would  be  facilitated. 

Losses  and  heat  transfer  in  the  code  were  characterized  by  the  boundary  layer  momentum 
and  enthalpy  thicknesses  respectively.  These  integral  parameters  are  calculated  by  the  forward 
integration  of  three  simultaneous  differential  equations  using  closure  relations  developed  from  the 
Falkner-Skan  wedge  flows.  Local  heat  transfer  was  estimated  from  a  new  empirical  integral 
formula  developed  from  finite  difference  solutions.  The  resulting  code  gave  good  comparison 
with  a  much  slower  finite  difference  code.  Comparison  with  experimental  data  was  as  good  as 
that  with  the  finite  difference  code. 
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Further  woric  in  this  area  would  be  to  fully  integrate  the  new  boundary  layer  solver  with  ilie 
inviscid  flow  solver  and  its  design  optimization  tools.  E>esign  of  optimized  nonadiabatic  turbine 
blading  could  then  be  attempted. 

The  third  section  of  this  report  deals  with  estimation  of  the  errors  associated  with 
measuring  heat  transfer  and  aerodynamic  performance  in  a  modem,  short  test  duration,  turbine  test 
facility  as  might  be  best  suited  to  the  testing  of  many  of  the  concepts  evolving  from  the  previous 
two  sections. 

The  analysis  centered  on  estimating  the  nonadiabatic  influences  on  aerodynamic  efficiency 
measurements  arising  from  the  transient  nature  of  short  duration  testing.  These  effects  are 
quantitatively  small  but  nonnegligible.  It  is  shown  that  they  can  be  estimated  to  sufficient  precision 
so  that  the  aerodynamic  measurements  in  short  duration  facilities  can  yield  the  same  or  better 
accuracy  data  than  the  more  expensive  continuous  operating  ones.  The  development  of  new  types 
of  instrumentation  is  not  required. 
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C.8.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Rat  Test  Section  at  10.08  m/s 
C.9.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at  10.08  m/s 
C.  10.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Flat  Test  Section  at  10.88  m/s 
C.l  1  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at  10.88  m/s 
C.  12.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Flat  Test  Section  at  15.02  m/s 
C.  1 3.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at  15.02  m/s 
C.l  4.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Flat  Test  Section  at  41.65  m/s 

C. 15.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at  41.65  m/s 

D.  1 .  Wall  Temperature  at  8.48  m/s 
D.2.  Wall  Temperature  at  9.95  m/s 
D.3.  Wall  Temperature  at  10.03  m/s 
D.4.  Wall  Temperature  at  12.47  m/s 
D.5.  Wall  Temperature  at  14.88  m/s 
D.6.  Wall  Temperature  at  20.06  m/s 

D.7.  Lxx:al  Stanton  Number  over  the  Flat  Plate 
D.8.  Lxxal  Stanton  Number  over  the  Ribleted  Plate 
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4.1 .  Size  and  Rcxnn  Temperature  Resistances  of  the  Pretest  Segment  Heaters 

4.2.  Size  and  Room  Temperature  Resistances  of  the  Test  and  Spacers  Segment  Heaters 

4.3.  Shunt  Resistor  Room  Temperature  Resistances 
B.  1  RTD  Calibration  Results 


1.  INTRODUCTION 


A  great  number  and  variety  of  technological  applications  of  interest  to  the  aerospace 
engineer  involve  turbulent,  convective  heat  transfer.  A  few  prominent  examples  are  supersonic 
flight  vehicles,  heat  exchangers,  and  gas  turbine  engines.  Accurate  prediction  and  control  of 
turbulent  heat  transfer  are  of  particular  importance  in  the  design  of  the  turbine  section  of  aircraft 
engine  gas  turbines,  where  the  freestream  temperature  of  the  fluid  flowing  past  the  turbine  blades 
is  above  the  melting  temperature  of  the  blade  material.  Indeed,  the  savings  from  a  decrease  in  the 
design  heat  transfer  to  a  turbine  blade  of  a  single  percent  could  easily  be  on  the  order  of  hundreds 
of  thousands  of  dollars.  The  proven,  turbulent  drag  reduction  device  riblets  shows  some  potential 
to  effect  just  such  a  decrease. 

Recent  research  has  validated  riblets  as  a  method  of  reducing  turbulent  skin  friction. 
Researchers  have  found  that  the  turbulent  drag  of  a  fairly  flat  surface  can  be  reduced  as  much  as  8 
percent  by  riblets  with  heights  and  spacings  near  10  wall  units,  where  one  wall  unit  or  viscous 
length  is: 


Indeed,  Caram  and  Ahmed  (1989)  have  measured  up  to  13  percent  total  drag  reduction  on  a 
ribleted  NACA  0012  airfoil  with  a  freestream  Reynolds  number  of  2.5x10^. 

If  the  Reynolds  analogy,  that  heat  transfer  and  momentum  transfer  behave  similarly,  is 
valid  in  this  case,  this  reduction  in  drag  should  be  accompanied  by  a  corresponding  decrease  in 
total  heat  transfer,  which  could  be  used  to  increase  turbine  efficiency.  If  the  Reynolds  analogy  is 
applicable  to  riblets,  a  total  reduction  in  blade  heat  transfer  and  hence  percent  cooling  needed  of 
about  5  percent  might  be  expected.  The  loss  in  turbine  efficiency  per  percent  of  cooling  air  has 
been  estimated  to  be  between  1  and  3  percent.  A  typical  turbine  might  have  3  to  5  percent  cooling 
air.  Thus,  the  successful  application  of  riblets  on  a  turbine  blade  might  result  in  a  rise  in  turbine 
efficiency  of  between  0. 1 5  and  0.75  percent  per  cooled  blade  row,  not  an  insignificant  amount. 
Typical  values  over  the  turbulent  region  of  a  turbine  blade  are:  T=1800  K,  U~850  m/s,  v=6xl() 
m^/s,  and  Rex=2xl0^  to  1x10^,  so  that  Cp=4xl0‘^.  To  obtain  riblet  height  and  spacing  of  around 
10  in  wall  units,  the  riblet  dimensions  would  therefore  have  to  be  on  the  order  of  10  microns, 
which  appears  to  be  feasible.  However,  previous  research  in  this  area  has  been  inconclusive,  so 
that  it  has  not  been  possible  to  predict  the  effect  of  riblets  on  heat  transfer  with  any  certainty. 

The  motivation  for  this  project  is  the  desire  to  determine  whether  riblets  may  be  used  to 
reduce  heat  transfer  on  a  turbine  blade.  Based  on  this,  the  specific  goals  of  the  project  are: 

•  measure  with  high  accuracy  the  effects  of  riblets  on  flat  plate  heat  transfer. 
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•  determine  the  relation  between  this  effect  and  the  effect  of  riblets  on  skin  friction, 

•  ascertain  the  dominant  parameter  or  parameters  which  affect  this  relation. 

Towards  these  ends,  theoretical  and  experimental  backgrounds  on  both  the  turbulent  boundary 
layer  and  riblets  are  presented.  The  design  criteria  and  process  of  a  low  speed,  turbulent  bound: > 
layer,  heat  transfer  wind  tunnel  and  test  section  are  detailed.  The  experimental  apparatus, 
procedure,  analysis,  and  results  are  described.  In  depth  treatments  of  the  calibration,  calibration 
accuracy,  test,  and  test  accuracy  analyses  are  appended. 
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2.  THEORETICAL  AND  EXPERIMENTAL  BACKGROUND 


2.1.  The  Turbulent  Boundary  Laver  Over  a  Flat  Plate 

A.  Introduction.  Most  flows  of  interest  to  the  aerodynamicist  contain  bounded  shear 
layers  which  exhibit  rapid,  nonlinear,  unsteady  motion:  turbulent  boundary  layers.  The  fluid 
motion  in  these  regions  is  so  complex  that  full,  analytical  solutions  are  intractable.  Indeed,  the 
analysis  of  turbulent  flow  is  limited  to  the  statistical  theory  of  turbulent  correlation  functions  and 
the  semiempirical  analysis  of  turbulent  mean  quantities. 

The  former  method  is  outside  the  focus  of  this  project  and  will  not  be  discussed. 

Similarly,  many  numerical  methods  of  solving  both  the  integral  and  differential  forms  of  the  time 
averaged  momentum  and  energy  equations  using  digital  computers  exist,  one  survey  of  which 
may  be  found  in  White  (1974),  but  are  outside  the  scope  of  this  project  and  so  have  not  been 
examined. 

The  mean  flow  equations  used  in  the  experimental  design  are  briefly  derived  below.  The 
time  averaged  thin  shear  layer  equations  of  motion  are  given.  The  velocity  profile  similarity  laws 
are  derived  via  dimensional  analysis.  The  integral  form  of  the  equations  of  motion  and  the 
empirical  formulae  derived  from  them  are  described.  The  White  formula  for  skin  friction  and  iis 
derivation  using  inner  law  variables  are  treated.  A  brief  description  of  the  Reynolds  analogy  and 
its  use  in  predicting  Stanton  number  are  given. 

The  coherent  structures  of  the  turbulent  boundary  layer  and  their  ramifications  are  brief!) 
examined.  A  comparison  is  made  of  the  momentum  and  heat  transfer  structures  in  an  attempt  U  • 
gage  the  robustness  of  the  Reynolds  analogy.  Research  to  date  supports  the  soundness  of  the  b.i  ic 
assumption  and  its  rooting  in  physical  mechanisms,  but  the  accuracy  of  the  results  are  low  enou  m 
that  no  refinement  of  the  analogy  with  them  can  be  made. 

The  effect  of  wall  roughness  on  the  turbulent  boundary  layer  is  very  briefly  described. 
Essentially,  each  type  of  roughness  has  its  own  particular  set  of  dynamics  and  mean  flow  effect ^ 
and  so  must  be  treated  individually. 

B.  Mean  Flow  Analysis.  Following  the  original  approach  of  Reynolds  (1895),  the 
properties  of  the  flow  are  treated  as  the  superposition  of  a  steady  element  and  unsteady  fluctuations 
and  analyzed  via  the  time-averaged  equations  of  motion.  Incompressible  turbulent  flow  with 
constant  transport  properties  but  with  possible  significant  fluctuations  in  velocity,  pressure,  and 
temperature  are  considered.  Taking  coordinates  x  parallel  to  the  freestream  and  y  normal  to  the 
wall,  a  thin  shear  layer  is  assumed  so  that: 
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where: 


1. 

X 


5Hy(u  =  0.99U^), 

from  which  follows  the  standard  approximations: 


The  mean  flow  structure  is  assumed  to  be  two-dimensional  so  that: 
w  =  0 


)  =  0. 


These  assumptions  yield  for  the  time-averaged  continuity  equation: 
9u  9v 


x-momentum: 


-9u  -3u  _  1  8p  9^u  9uV^  9u"^ 
^  ''8y  ”  p  5x  ^  By  Bx  ’ 


y-momentum: 


and  energy: 


Bernoulli's  incompressible  relation  at  the  edge  of  the  boundary  layer 
dPc  =  -  P 

can  be  integrated  to  obtain: 
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(2.6) 


p  =  pjx)-  pv'^ 


Substituting  this  relation  into  equations  2.1  through  2.4,  with  the  assumption: 
-  u  )  «  0 


and  the  notation: 


3u 


t.n^-puv 


and: 


I 

q.k^-pc.v'r. 


yields  for  x-momentum: 

-du  -3u  1  3x 


and  energy: 


~3T  -9T  3q  3u 


(2.7) 


(2.8) 


(2.9) 


(2.10) 


C.  Dimensional  Analysis.  Several  useful  dimensional  analyses  of  the  momentum 
properties  of  the  flow  in  the  boundary  layer  are  based  on  observation  of  data  of  the  distribution 
across  the  layer  of  the  viscous  stress: 


and  the  turbulent ,  or  Reynolds,  stress: 

-  p  u  V  . 

To  allow  simple  comparison,  both  terms  are  nondimensionalized  by  dividing  by  pux^,  where: 


As  in  figure  2. 1 ,  The  Distribution  of  Stress  in  the  Wall  Region  of  a  Turbulent  Boundary  Layer, 
three  regions  are  apparent:  first,  the  outer  layer  or  inertial  sublayer  (y^>30)  where: 
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u'v'  du 
dy 

second,  the  overlap  layer  or  buffer  region  (5-10<y+<30)  where: 

2  +’ 

\  dy 

and,  third,  the  inner  layer,  laminar  sublayer,  wall  region,  or  viscous  layer  (y+<5-10)  where: 

u'v'  du^ 

2  +• 

\  dy 

Dimensional  analysis  has  proved  fruitful  in  describing  these  different  regions. 

For  the  inner  region,  Prandtl  (1933)  deduced  that: 


u  =  p,  p,  y), 

the  proper  nondimensional  form  of  which  is: 

u"  =  /(y"), 

where: 


(2.12) 


(2.13) 


and: 


(2.14) 


(2.15) 


Very  near  the  wall,  the  viscous  shear  dominates  and  the  velocity  profile  should  be  linear  to  the  first 
order  so  that  equation  2.7  gives: 


or,  after  nondimensionalizing: 

+  + 
u  =y  . 

Karman  (1930)  deduced  that  in  the  outer  region: 

Uc  ■  “  =  p’  y* 


(2.16) 


(2.17) 


(2.18) 
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U  -u 


=  /(-). 


As  first  noted  by  Millikan  (1938),  the  two  functions  must  merge  smoothly: 


u.  =  u  , 

I  o 


which  can  only  be  true  if,  in  the  outer  layer: 

+  1  ,  +  „ 
u  =  —  In  y  +  B 


U  -  u  1  V 
- =  -_ln(l)  +  A, 

K  5 

^  (2.22) 

where  values  of  (k,B)  of  (0.4,5. 5)  by  Nikuradse  (1930)  and  (0.41,5.0)  by  Coles  (1955)  and  of  /\ 
of  2.35  by  Schultz-Grunow  (1940)  have  been  suggested.  The  useful  formula  for  all  three  region 

+  +  -kB  ,  ku  ,  +  (tcu  )  (ku  ) 

y  =  u  +  e  [e  -  1  -  ku - ^ - g — ] 

(2.23) 

was  deduced  separately  by  Spalding  (1961)  and  Kleinstein  (1%7)  by  matching  the  formulas  for 
eddy- viscosity  in  the  inner  and  log  regions.  However,  experimentally  measured  velocity  profile 
depending  very  strongly  on  pressure  gradient,  diverge  from  these  fonnulae  for  y+  >  300,  often 
called  the  wake  region.  Clauser  (1954, 1956)  modified  the  outer  law  to  account  for  this  effect  b\ 
introducing  an  equilibrium  parameter  P: 


U  -u 


■  =  /(-,  P), 


where: 

s*  dp 

B=  5 _ Li 

^  ^  d\' 

W 

(2.24) 

With  this  in  mind.  Coles  ( 1956)  proposed  an  approximate  wake  function  which  could  be  used  to 
correct  equation  2.21: 

+  1  .  +  _  n _ V. 


where; 


=  -L  In  y%  B  -h  H  W(-), 
K  K  5 


W(l)  =  2sin^(il) 

6  25 
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and: 


^  =  0.8(p  +  0.5)®^^ 


(2.27) 


D.  Integral  Analysis.  Further  information  about  the  various  boundary  layer  attributes 
may  be  obtained  from  the  momentum  and  energy  equations  in  their  integral  form.  As  in  the  case 
of  the  laminar  equations,  both  2.9  and  2.10  can  be  integrated  across  the  boundary  layer  as 
suggested  by  Karman  (1921)  with  the  no-slip/no-jump  conditions: 
u(x,0)  =  v(x,0)  =  0 

and: 

T(x,0)=T^(x) 

and  the  freestream  matching  conditions: 
u(x,5)  =  U^(x) 

and: 

T(x,8)  =  T  (X) 


to  obtain: 


dO  A 

dx  U,  dx 


s 

2 


and: 


where: 


dr\  gw 

pU  C  (T  -T  ) 

^  c  p  '  e  w' 


5S|,l-.^)dy.5j(l4)d(4 

0  *=  0  ®  ® 


(2.28) 


(2.29) 


(2.30) 


(2.31) 


(232) 
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ee 


.  _  C  ^  -TJT 

Q  e  p  e  w  o 


5T.  =  y(T  =  0.99T), 


(^■l)<iy  Sfj^j  (^-l)d(  ). 


0  -p<Te-T.)  h„_  Sp 


(2.33) 

(234) 


and: 


_2 
U 

o  p  2 


h  =  C  T  +  — . 


(23.5) 


A  simple  solution  of  the  Karman  integral  momentum  equation  for  a  flat  plate,  where: 


C  =  2 _ 

f  dx’ 

was  found  by  Prandtl  (1927)  by  assuming  that  the  pipe-friction  relation: 
a  , 


(236) 


(2.37) 


holds  for  a  flat  plate  with  8  replacing  pipe  radius  a  and  by  deducing  from  velocity-profile  data  that: 

Substituting  into  the  momentum  equation  and  integrating  yields: 


(2.38) 


oc  X 


4/5 


(2.39) 

which  can  then  be  used  to  obtain  the  following  formulae  with  empirically  determined  constants: 

(2.40) 


C,- 0.0592  Re■'^^ 

f  X  ’ 


-1/5 


and: 


where: 


^=0.37  Re 

X  * 


^  =  0.036  Re■‘^^ 

X 


^  =  0.046  Re‘'\ 


U  X 
Re 

X  ’ 


(2.41) 


(2.42) 


(2.43) 


(2.44) 


and  X  is  the  the  streamwise  distance  from  the  apparent  turbulent  origin. 
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Another  useful  empirical  relation  was  formulated  along  similar  lines  by  Kdrmdn  (1931 ) 
and  Schoenherr  (1932): 

0.0586 


Cr'  — 


logjQ  (2  Re  )  +  0.8686  logj^  (2  Re  ) 


(2.45) 


E.  Inner  Law  Analysis.  A  second  useful  approach  to  the  governing  equations,  taken  b\ 
Kestin  und  Persen  (1962),  concentrates  on  using  inner-law  variables.  With  the  Spalding- 
Kleinstein  formula,  the  continuity  equation  can  be  integrated  for  v,  from  which  the  convective 
acceleration  can  be  calculated.  Substituting  into  the  x-momentum  equation  yields: 

du  +2  u  dt 
u  -r^u  =— i- - , 

'  3y" 

which  can  be  integrated  to  obtain: 


(2.46) 


du  ^ 

x(x,  y)  -  xj\,  0)  =  G(u  ), 


(2.47) 


where: 


f  2 

=  Ju^  dy^ 


(2.48) 


Evaluating  this  equation  at  the  outer  edge  of  the  boundary  layer,  where: 
y  =  5, 

T  =  0, 


and: 


with: 


=  X,(x), 


U 

Mx)  H  " 


u(x)’ 


(2.49) 


yields,  after  some  rearrangement: 

—  =  GO.) 

V  dx 

This  can  then  be  integrated  to  give: 


(2..5()) 
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Re 


A, 

=  j  G(k)  dX, 


(2.51) 


which  in  turn  can  be  integrated  using  the  Spalding-Kleinstein  formula,  equation  2.23,  to  obtain  iIk 
most  accurate  formulae  for  turbulent  skin-friction  known  presently: 


and: 


where: 


1  -kB 

G{X)=jX^  +l_[e^'(f -2Z-h2)-2-  — -  — ] 


1  kB  Z^  Z^ 

-4Z  +  6)-6-2Z-.jj-.^), 


Z=  kX. 


(2.52) 


(2.53) 


(2.54) 


The  form  of  these  equations  is,  however,  rather  unwieldy  so  that  the  more  commonly  usi  i 
form  is  that  of  a  least-squares  approximation  made  by  White  (1969): 


which  yields  the  simpler  formula,  accurate  to  2  percent: 
0.455 


(2.55) 


Cf-- 


In  (0.06  Re^) 


(2.56) 


F.  The  Reynolds  Analogy.  The  basis  of  most  analyses  of  heat  flux  and  temperature 
distribution  in  the  turbulent  boundary  layer  is  still  the  analogy  of  Reynolds  (1874).  In  this  analogy, 
a  dimensionless  ratio  is  formed  of  the  Boussinesq  eddy-viscosity  and  eddy-conductivity  called  the 
turbulent  Prandtl  number: 


C  P-, 

p 


where: 


p  u'v' 
du/dy 


and: 


(2.57) 


(2.58) 
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(2.59) 


pc  vT' 

- • 

‘  ax/ay 

Reynolds  postulated  that  since  momentum  and  heat  flux  are  equivalent  phenomena: 

Pr^=/(Pr)  =  0(l). 

From  this,  a  law  of  the  wall  is  expected  for  the  temperature  profile  similar  to  that  of  velocity. 

Karm^  (1939)  provided  a  method  of  calculating  this  profile  by  noting  that  the  ratio  of  heat 
flux  and  shear  was  approximately  constant  across  the  boundary  layer: 
q  _  k  +  dX 
X  u  +  u  du  X 

By  introducing  the  turbulent  Prandtl  number,  this  may  be  separated  and  rewritten  in  the  non- 
dimensional  form: 

^,_(X-XJpCu^  j  l.p/p 

1/Pr-i- 


qw  ^  1/Pr  +  p/pPr 

(2.60) 

For  Prandtl  number  near  unity,  this  can  be  integrated  using  the  Spalding-Kleinstein  relation. 
However,  the  algebra  is  quite  complicated  so  that  it  is  more  convenient  to  use  a  curve  fit  for  the  !•  -g 
layer  provided  again  by  White  (1974): 

X^  =  1  In  y^  -t-  A(Pr), 

K  f')  \ 


where: 


A(Pr)-  12.8  Pr®-^*- 7.3. 


Xhis  law  of  the  wall  and  the  velocity  log  law  can  be  evaluated  at  5  and  the  former  subtracted  from 
the  latter  to  give: 

U 

q  [  _i  +  (A  -  B)  ]  =  (X  -  X  )  C  X 

‘jj  '  e'^pw. 


which  can  be  used  to  form  the  Reynolds  analogy.  Kdrm^n's  approximation  to  this  formula, 
including  a  temperature  correction  for  variable  viscosity: 

C, 

2  Pr""' Vyr^)”" 

(2.64) 

was  found  by  Reynolds  et  al.  (1958)  to  be  accurate  to  within  4.5  percent.  Although  this  analogy 
has  received  much  attention,  such  as  in  Kestin  and  Richardson  (1963)  and  Xaylor  et  al.  (1990),  no 
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simple  improvement  has  yet  been  found. 


G.  Coherent  Structures.  One  way  of  testing  the  assumptions  of  the  Reynolds  analogy  is 
to  examine  the  correspondence,  if  any,  between  the  physical  structures  of  the  two  modes  of 
transport  in  the  boundary  layer.  The  investigation  of  ordered  structures  in  the  turbulent  boundar> 
layer  began  with  Page  and  Townend  (1932).  The  existence  of  coherent  vortical  structures  in  the 
wall  layer  and  their  key  role  in  the  production  of  turbulence  were  first  hypothesized  by  Theodor^'  u 
(1952).  The  measurements  of  Laufer  (1954)  and  Klebanoff  (1954)  showed  that  both  the 
production  and  dissipation  of  turbulent  energy  peak  near  the  outer  edge  of  the  wall  layer 
(y+==l  1 .5).  In  the  past  two  decades,  much  interest  has  arisen  over  the  coherent  eddy  structures 
observed  in  turbulent  boundary  layers  in  the  near  wall  region.  Most  researchers  agree  that  these 
reacting  parcels  of  vortical  fluid  control  the  dynamics  of  the  boundary  layer  and  are  responsible  for 
the  majority  of  transport  of  momentum,  heat,  and  mass. 

One  particular  sequence  of  quasi-deterministic,  randomly  located  coherent  structures 
collectively  called  the  bursting  process  was  identified  by  Kline  et  al.  (1967)  and  Kim  et  al.  ( 197 1 ) 
as  playing  a  key  role  in  the  production  of  new  turbulence  and  the  transpon  of  turbulence  within  the 
boundary  layer  on  smooth  walls.  A  sketch  of  this  is  shown  in  Figure  2.2,  The  Bursting  Process. 
This  process  is  actually  a  conceptual  grouping  of  many  elements: 

•  streamwise  vonices, 

•  low  speed  streaks, 

•  inflectional  velocity  profiles, 

•  lifting  and  oscillation  of  the  streaks, 

•  ejection  from  the  wall  of  a  portion  of  low-momentum  fluid,  or  a  burst, 

•  a  large-scale  sweep  of  the  wall  by  high-momentum  outer  fluid. 

Blakewell  and  Lumley  (1967)  were  the  first  to  show  that  previous  hot-wire  anemometry' 
velocity  data  in  turbulent  pipe-flow  were  consistent  with  a  pair  of  counter-rotating  streamwi.se 
vortices  in  the  near  wall  region  (y”*"  <  50)  by  using  a  set  of  space-time  correlations  with  an 
onhogonal  decomposition  theorem  .  Later  analysis  by  Blackwelder  and  Eckelman  (1978) 
suggested  that  these  structures  have  a  lateral  wavelength  of =100  wall  units,  a  streamwise  length  of 
=  1(XX)  wall  units,  and  random  occurrence  in  space  and  time.  Kim  and  Moin  (1979)  found  that 
the.se  vortical  structures  tend  to  angle  upwards  at  =45  degrees.  Jang  et  al.  (1986)  have  proposed  a 
mechanism  for  their  production  by  using  weakly  nonlinear  perturbation  methods  to  show  that 
direct  resonance  theories  exhibit  a  mean  secondary  flow  consistent  with  their  existence.  Aubry  et 
al.  (1988)  have  carried  out  an  extremely  complicated  modelling  of  the  wall  region  with  dynamical 
systems  and  bifurcation  theory  and  claim  that  the  resulting  equations  model  the  behavior  of 
streamwise  rolls  which  exhibit  the  characteristics  of  the  counter-rotating  vortices  described  above. 
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However,  a  “vortex"  is  not  a  mathematically  well-defined  entity  and  strcamwise  vorticity  is 
difficult  both  to  calculate  and  to  measure.  Indeed,  if  their  existence  were  not  strongly  supported  by 
the  visualization  studies  of  Head  and  Bandyopadhyay  (1981)  and  Smith  and  Schwartz  (1983),  few 
would  not  be  skeptical  of  their  existence. 

The  pair  of  vortices  is  thought  to  produce  between  them  low  speed  streaks,  which  are 
easily  observed  and  therefore  well-accepted.  These  structures  have  random  length  scales  with  a 
width  of  =20  wall  units  and  a  length  of  =1000.  Oldaker  and  Tiederman  (1977)  and  later  Smith 
and  Metzler  (1983)  found  a  lognormal  distribution  of  their  spacing  with  an  average  of  =100  wall 
units  and  a  most  probable  value  of  =80.  The  latter  found  an  average  persistence  of  =480  wall  time 
units,  with  some  streaks  lasting  up  to  2500. 

In  the  later  stages  of  their  evolution,  the  streaks  lift  up  perpendicularly  from  the  near  wall 
region.  Offen  and  Kline  (1974)  showed  that  this  lift-up  is  typically  100  to  400  wall  units  long.  At 
a  height  above  the  wall  between  10  and  20  wall  units,  oscillation  begins.  Kline  et  al.  (1967)  and 
Emmerling  (1973)  estimate  oscillation  wavelengths  of  =200  wall  units,  but  little  data  exist  because 
the  oscillation  period  is  very  brief.  Suggestions  have  been  made  that  this  oscillation  and  the 
resulting  breakup  are  due  to  the  spanwise  and  streamwise  inflectional  profiles,  but  current 
inflection  instability  theory  is  valid  only  for  steady,  two-dimensional  situations  and  so  this  cannot 
be  corroborated. 

Downstream  of  the  lift-up,  parcels  of  low  speed  fluid  are  ejected  to  between  20  and  50  wall 
units,  often  in  groups  of  two  or  more.  As  the  parcels  reach  closer  to  50  wall  units,  they  develop  a 
chaotic  motion  and  breakup,  dispersing  and  mixing  with  the  outer  layer.  As  indicated  by 
Nakagawa  and  Nezu  (1981),  this  is  responsible  for  the  majority  of  turbulence  production  at  this 
height.  A  sweep  of  high  speed  fluid  from  the  outer  layer  follows  the  mixing  and  disperses  the 
small  scale  mixing  motion.  Falco  (1979)  estimated  the  sweeps  to  be  =100  wall  units  square. 

Further  details  of  the  bursting  process  and  coherent  structures  in  general  exist  in  abundance 
in  surveys  such  as  A.K.M.F.  Hussain  (1983),  R.F.  Blackwelder  (1988),  and  Kline  and  Robinson 
(1988)  to  name  three,  but  they  are  not  germane. 

As  with  mean  flow  analysis,  most  research  and  analysis  effort  in  the  study  of  coherent 
structures  in  the  turbulent  boundary  layer  until  fairly  recently  have  concentrated  upon  momentum 
properties,  with  the  result  that  the  relationship  between  the  near  wall  structures  and  heat  flux  is 
much  less  clear  than  with  shear.  Zaric  (1972a,  1972b,  1973, 1974,  1975)  appears  to  have  been  the 
first  to  study  the  statistical  relationship  between  the  momentum  and  the  heat  transfer  in  the  near 
wall  region  on  a  smooth  surface.  These  and  other  studies  summarized  in  Khabakhpasheva  (1986) 
reported  close  correspondence  between  the  two  modes  of  transfer.  More  recently, 
Khabakhpasheva  (1988),  Nagano  and  Hishida  (1988),  Perepelitsa  (1988),  Kasagi  (1988), 
Slanciauskas  (1988),  and  Kays  and  Moffat  (1988)  have  shown  conclusive  evidence  that  for  the 
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canonical  smooth,  flat  plate,  turbulent  boundary  layer,  instantaneous  turbulent  heat  transfer  is 
strongly  associated  with  and  dominated  by  the  coherent  turbulent  momentum  structures.  All  have 
noted  a  similarity  between  the  more  obvious  coherent  momentum  structures  such  as  streaks  and 
bursts  and  equivalent  coherent  heat  flux  structures.  Perry  and  Hoffman  (1976)  found  that  the 
momentum  bursts  and  sweeps  were  accompanied  by  similar  occurrences  in  heat  flux  =75  percent 
of  the  time.  Iritani  et  al.  (1983)  used  temperature-sensitive  liquid  crystal  display  tunnel  walls  and 
hydrogen  bubbles  to  verify  the  existence  of  high-temperature  streaks,  their  association  with  =70 
percent  of  the  low-speed  streaks,  and  a  spacing  within  10  percent  of  the  spacing  of  the  low  speed 
streaks.  They  further  observed  low  temperature  streaks  with  =72  percent  of  the  sweep  events. 

As  in  the  research  that  has  concentrated  on  direct  examination  through  measurement  of  Cf 
and  St,  the  research  on  the  physical  structures  of  heat  and  momentum  transfer  seems  to  indicate 
that  the  basis  of  the  Reynolds  analogy  is  sound  to  within  the  accuracy  of  the  current  experimental 
methods  and  instrumentation  for  the  canonical,  smooth,  flat-plate  case.  Unfortunately,  this 
accuracy  is  low  enough  to  prevent  using  the  results  to  refine  the  analogy  and,  even  if  this  were  not 
the  case,  no  results  are  available  for  noncanonical  cases.  Indeed,  while  this  conceptual  model  of 
the  primary  method  of  turbulence  production  in  the  wall  boundary  layer  has  provided  a  useful 
framework  within  which  to  organize  and  direct  boundary  layer  research,  it  has  yet  to  provide 
quantitative  prediction  schemes  of  use  to  the  engineer. 

H.  The  Effects  of  Wall  Roughness.  Surface  roughness  has  only  a  minor  effect  on 
laminar  flow  because  the  laminar  boundary  layer  is  entirely  dominated  by  viscous  effects.  Indeed, 
Gatski  and  Grosch  (1984)  have  shown  that  for  low  speeds  the  pressure  drag  associated  with 
laminar  flow  over  roughness  elements  is  almost  exactly  equal  to  the  skin  friction  drag  on  the 
equivalent  flat  surfaces. 

Even  small  roughness  elements  on  the  solid  surface  of  a  turbulent  boundary  layer  will 
break  up  the  viscous  layer  and  cause  a  dramatic  increase  in  vertical  naomentum  exchange, 
however,  resulting  in  higher  bursting  frequency  and  intensity  as  well  as  skin  friction.  A  large  body 
of  research,  one  survey  of  which  may  be  found  in  Clauser  (1956),  on  many  types  of  rough  walls 
has  shown  that  roughness  has  the  effect  of  shifting  the  mean  velocity  profile  downward  a  constant 
amount  that  only  weakly  depends  upon  the  type  of  roughness.  Studies  such  as  Grass  (1971)  and 
Lewkowicz  and  Das  (1978)  have  shown  that  the  flow  dynamics  very  near  the  roughness  elemen's 
are  altered  in  magnitude  but  not  in  general  nature.  Therefore,  the  assumption  that  the  lowest 
possible  skin  friction  attainable  in  a  turbulent  boundary  layer  is  that  over  a  smooth  wall  has  usuall  v 
been  made. 

In  the  last  decade,  however,  researchers  have  discovered  that  each  type  or  class  of 
roughness  has  its  own  set  of  dynamics  and  mean  flow  effects.  In  particular,  a  surface  with  small 
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ribs  aligned  in  the  streamwise  direction,  or  riblets,  has  lower  total  skin  friction  than  a  stTKx>th 
surface  under  certain  flow  conditions. 


2.2.  Riblets 

A.  Introduction.  Riblets  are  very  small  ribs  placed  into  the  turbulent  boundary  layer  in 
alignment  with  the  freestream  for  the  purpose  of  reducing  skin  friction.  A  simple  picture  of  their 
placement  and  the  terminology,  height  h,  width  w,  and  spacing  s,  used  in  their  description  is 
presented  in  Figure  2.3,  Riblet  Placement  and  Terminology. 

Experiments  have  shown  that  the  data  for  the  variation  of  riblet  drag  reduction  with  riblci 
height  and  spacing  approximately  collapse  onto  one  curve  of  similar  shape  when  plotted  as  the 
ratio  of  the  drag  of  the  ribleted  test  plate  to  the  drag  of  the  flat  test  plate  minus  one  versus  spacing 
in  law  of  the  wall  units.  This  curve  is  shown  for  riblets  of  various  ratios  of  height  to  spacing  in 
Figure  2.4,  Drag  Reduction  of  Thin  Element  Riblets.  Each  curve  has  two  distinct  regions:  a  “dni:; 
bucket"  or  region  of  drag  reduction  for  h+  between  =5  and  =25  wall  units,  with  maximum  drag 
reduction  of  =7  percent  at  h+  =10  wall  units,  and  a  drag  increase  region  for  h+  above  =25  wall 
units,  with  the  rate  of  drag  increase  with  h+  proportional  to  aspect  ratio  (h/s).  The  core  of  riblet 
research  and  validation  was  done  primarily  by  Walsh  in  the  late  70's  and  early  80's  at  NASA 
Langley. 

The  Langley  work  aroused  great  interest  in  both  research  and  industry  circles.  In  the  area 
of  research,  many  papers  have  been  published  in  the  last  5  years  on  riblets  in  an  attempt  to 
understand  better  the  mechanism  behind  them.  In  industry,  most  large  companies  in  fields  where 
drag  is  important,  such  as  aerospace,  maritime,  pipe  transmission,  etc.,  have  looked  at  the  possible 
application  of  riblets  in  their  areas.  The  3M  corporation  manufactures  vinyl  laminates  with  riblet 
surfaces,  which  have  already  been  used  successfully  on  yachts  and  planes.  British  Maritime 
Technologies  has  developed  a  versatile  method  of  molding  riblets  into  a  thermoplastic  coating 
which  may  be  economically  sprayed  onto  many  surfaces. 

Many  mechanisms  of  riblet  drag  reduction  have  been  proposed  but,  as  yet,  no  consensus 
has  been  formed  on  which  theory,  if  any,  is  valid.  The  most  likely  mechanism  seems  to  be  the 
damping  of  turbulent  fluctuations  near  the  base  of  the  riblets.  Many  researchers,  however,  feel  that 
more  than  one  mechanism  is  at  work. 

No  conclusive  research  has  been  conducted  on  the  effect  of  riblets  on  heat  transfer. 

B.  Previous  Research  into  Riblet  Effects  on  Skin  Friction  and  Turbulent  Boundary 
Layer  Structure.  The  first  person  to  examine  the  possibility  of  reducing  the  turbulent  drag  of  a 
surface  with  riblets  seems  to  have  been  Liu  in  1966  at  Stanford  University.  As  part  of  a  process  of 
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studying  the  bursting  process  and  its  effect  on  turbulent  shear,  Liu  (1966)  and  Liu  et  al.  (1966) 
hoped  to  use  the  riblets  to  suppress  the  finer  scale  near  wall  turbulence  and  confine  the  turbulent 
bursts  to  their  initial  propagation  region.  Although  they  measured  reduction  in  bursting  rates  of  20 
to  25  percent  and  two  instances  of  possible  drag  reduction  of  up  to  3  percent  in  their  range  of 
h‘''=45-l  10  and  s''‘=  190-370,  they  did  not  feel  that  their  data  indicated  sufficient  turbulence 
suppression  to  result  in  tangible  overall  drag  reduction.  In  addition,  they  encountered  the  problem 
that  has  plagued  all  riblet  and  most  turbulent  boundary  layer  research:  the  accuracy  of  the 
experiment  is  the  same  ^^rder  of  magnitude  as  the  effect  under  scrutiny. 

Bath  (1968)  was  led  to  consider  the  possibility  of  reducing  pressure  drop  in  pipelines  with 
riblets  by  reports  of  turbulent  skin  friction  reduction  near  a  comer.  He  performed  a  semi-empirical 
analysis  of  riblets  based  on  the  data  from  these  reports  from  which  he  predicted  the  possibility  of 
significant  drag  reduction  at  h+=  10-20.  Kennedy  et  al.  (1973)  attempted  to  test  this  prediction. 
However,  numerical  discrepancies  are  present  in  theff  paper.  They  claimed  to  have  tested  at  h'''=2() 
but  print  figures  which,  if  correct,  indicate  that  they  instead  tested  at  much  higher  values.  At  their 
test  point,  whatever  it  was,  they  found  skin  friction  per  surface  area  reduction  but  no  total  drag 
reduction. 

In  the  late  70's  and  throughout  the  80’s,  the  ideas  of  Liu  and  Bath  were  validated  at  NASA 
Langley  as  pan  of  the  drag  reduction  programs  of  D.M.  Bushnell  outlined  in: 

•  Hefner  and  Bushnell  (1977), 

•  Bushnell  (1983), 

•  Hefner  et  al.  (1983), 

•  Wilkinson  et  al.  (1987), 

•  Bushnell  and  McGinley  (1989). 

Apparently,  initial  interest  at  NASA  was  generated  in  the  early  70’s  by  observations  of  reduced 
drag  on  aerospace  vehicles  with  very  small,  streamwise-aligned  cooling  fins.  Over  the  course  of 
their  re.search  in  the  70's  and  8()'s,  the  effect  of  riblets  on  skin  friction,  including  repeatable  total 
drag  reduction  of  up  to  7  percent,  was  measured  with  a  variety  of  riblet  shapes  and  sizes  over  tin 
entire  range  of  h"^,  s+  and  h/s,  and  their  use  in  reducing  total  aircraft  drag  was  validated.  This  wjv 
primarily  due  to  the  careful  and  systematic  work  of  M.J.  Walsh: 

•  Walsh  and  Weinstein  (1978,  1979), 

•  Wal.sh  (1980,  1982,  1983,  1985,  1990a,  1990b), 

•  Walsh  and  Lindemann  (1984), 

•Walsh  etal.  (1988,  1989), 

•  Walsh  and  Anders  (1989). 

Other  research  at  Langley  on  riblets  includes  Lindemann  (1985),  Lazos  and  Wilkinson  (1987a, 
1987b),  Wilkinson  (1988),  and  Lazos  (1989).  Walsh  and  Weinstein  (1978,  1979)  tested 
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rectangular,  triangular  grooved,  razor  blade,  semicircular  grooved,  and  alternating  transverse 
curvature  riblets.  They  obtained  up  to  4  percent  drag  reduction  with  two  of  the  triangular  grooved 
models.  Walsh  (1980)  further  tested  the  drag  characteristics  of  triangular  or  V-groove  and 
transverse  curvature  riblets,  with  in  depth  boundary  layer  tests  over  the  V-groove  model,  and 
found  up  to  7  percent  drag  reduction  for  h^  below  30.  This  analysis  was  continued  in  Walsh 
(1982,  1983)  and  Walsh  and  Lindemann  (1984),  confirming  the  aspects  of  the  “drag  bucket"  at 
various  Reynolds  numbers  and  attempting  to  optimize  the  riblet  geometry.  Walsh  (1985) 
examined  the  preliminary  results  of  the  application  of  riblets  on  a  Leaijet,  estimating  a  possible 
overall  drag  reduction  of  4  percent,  with  side  benefits  such  as  increased  corrosion  resistance, 
reduced  cabin  leakage,  and  reduced  paint  need.  Walsh  et  al.  (1988,  1989)  obtained  up  to  6  percent 
drag  reduction  on  the  riblet  test  sections  applied  on  the  fuselage  of  the  Leaijet  at  flight  conditions. 
Walsh  (199()a)  ascertained  that  small  deviations  in  the  pieak  geometry  of  riblet  films  suitable  for 
application  on  commercial  transport  can  result  in  up  to  40  percent  degradation  in  drag  reduction 
perfonnance.  Lazos  and  Wilkinson  (1987a,  1987b)  obtained  up  to  8  percent  drag  reduction  with 
“thin-element"  rectangular  riblets  and  Lazos  a.scertained  that  riblet  performance  is  unaffected  by 
average  aircraft  skin  contamination.  Wilkinson  (1988)  determined  that  suction  and  blowing  do  not 
increase  the  drag  reduction  ability  of  riblets  measurably.  Walsh  and  Anders  (1989)  and  Walsh 
(199()b)  have  provided  in  depth  summaries  of  the  riblet  research  performed  to  date. 

During  the  same  period,  riblet  research  was  being  conducted  in  Germany  based  on 
observations  of  the  squamation,  or  ribbed  scales,  of  certain  sharks  (although  the  author  has  heard 
a  story,  probably  apocryphal,  from  someone  who  worked  under  Dennis  Bushnell  that  his  interest 
in  riblets  was  initially  spurred  by  examinarion  of  the  skin  of  a  shark  he  caught  in  the  Chesapeake 
Bay).  Although  biologists  have  known  of  the  very  fine  ribs  on  the  scales  of  certain  sharks  for 
almost  a  century,  the  first  to  speculate  on  the  fluid  dynamic  purpose  of  these  structures  were  the 
Russian  scientists  Burdak  (1969)  and  Chernyshov  and  Zayets  (1970)  in  the  late  60's.  Later  woi  k 
by  Reif  (1982),  Reif  and  Dinkelacker  (1982),  Rashi  and  Musick  (1984),  and  Reif  (1985) 
confirmed  the  existence  of  riblet-like  structures  on  shark  scales  aligned  with  the  skin  surface  flow 
and  of  the  same  order  of  magnitude  in  size  in  wall  units  as  riblets.  Spurred  on  by  these 
observations,  Nitschke  (1983)  and  Dinkelacker  et  al.  (1988)  measured  up  to  3  percent  drag 
reduction  due  to  riblets  in  pipe  flow;  Bechert  et  al.  (1985,  1987)  confirmed  the  findings  of  Walsh; 
Bechert  (1987)  experimented  with  three-dimensional  riblets  but  found  no  addition  to  the  drag 
increase  over  that  of  regular  riblets,  and  Bartenwerfer  and  Bechert  (1987)  and  Bechert  and 
Bartenwerfer  (1989)  attempted  a  theoretical  analy.sis  of  riblets,  the  demerits  of  which  are  discussed 
below. 

Other  basic  corroborations  of  Walsh’s  results  include: 

•  Hooshmand  et  al.  (1983), 
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•  Bacherand  Smith  (1985a,  1985b), 

•  Chen  (1986), 

•  Khalid  (1986), 

•  Wallace  and  Balint  (1987), 

•  Enyutin  et  al.  (1987), 

•  Sawyer  and  Winter  (1987), 

•Savill(1987), 

•Reidy(1987), 

•Pulles(1988). 

Coustols  et  al.  (1987),  Reidy  and  Anderson  (1988),  Choi  et  al.  (1989),  and  Rohr  et  al.  (1989) 
have  studied  riblets  in  tandem  with  some  other  drag  reduction  device.  The  characteristics  of 
riblets  at  high  subsonic  and  transonic  speeds  were  examined  by  Squire  and  Savill  (1987,  1989), 
Gaudet  ( 1989),  and  Coustols  (1989).  Gaudet  (1989)  has  estimated  the  penalties  of  off-design 
operation.  A  list  of  studies  of  the  use  of  riblets  in  some  application  and  the  application  under 
research  would  include: 

•  Johansson  and  Alfredsson  (1985)-  ship  drag  reduction, 

•  Eilers  et  al.  (1985)-  sailboat  drag  reduction, 

•  Choi  et  al.  (1987)-  yacht  drag  reduction, 

•  McLean  etal.  (1987)-  Leaijet  drag  reduction, 

•  Anon.  (1987a)-  the  same, 

•  Beauchamp  and  Phillips  (1988)-  drag  reduction  on  an  axisymmetric  body, 

•  Valkenberg  (1988)-  bobsled  drag  reduction, 

•  Caram  and  Ahmed  (1989)-  airfoil  drag  reduction, 

•  Truong  and  Pulvin  (1989)-  diffuser  efficiency  rise,  and 

•  Lin  et  al.  (1990)-  control  of  turbulent  flow  separation  over  a  ramp. 

The  effect  of  riblets  on  the  structure  of  the  turbulent  boundary  layer  has  been  studied  by: 

•  Gallagher  and  Thomas  (1984), 

•  Nieuwstadt  et  al.  (1986), 

•  Djenidi  et  al.  (1987a,  1987b), 

•Choi  (1985,  1986,  1988), 

•  Choi  and  Johnson  (1989), 

•  Pulles  et  al.  (1989). 

Choi  (1988,  1989),  Vukoslavcevic  et  al.  (1987),  Djenidi  et  al.  (1988),  and  Pearson  (1989)  have 
suggested  various  drag  reduction  mechanisms.  The  effect  of  riblets  on  skin  friction  in  the  laminar 
boundary  layer  has  been  examined  in  Khan  (1986),  de  Saint  Victor  (1987),  Djenidi  et  al. 
(1987a,1988,1989),  and  Launder  and  Li  (1989)  as  well  as  in  several  unpublished  papers 
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summarized  in  Coustols  and  Savill  (1989).  In  addition  to  those  coming  from  NASA  Langley, 
recent  surveys  of  riblet  research  include  Choi  (1984),  Guezennec  and  Nagib  (1985),  Savill  et  al. 
(1988),  and  Coustols  and  Savill  (1989). 

Despite  this  large  body  of  research,  some  disagreement  exists  on  the  basic  effects  of  ribleiN 
on  the  turbulent  boundary  layer  structure.  For  example,  a  rich  variety  of  conflicting  data  has  been 
reported  on  the  effect  of  riblets  on  the  bursting  process.  Hooshmand  et  al.  (1983),  Hooshmand 
(1985),  and  Pulles  (1988)  found  an  increase  in  burst  frequency  over  riblets.  Bacher  and  Smith 
(1985a,  1985b),  and  Pulles  et  al.  (1989)  found  no  change.  Walsh  (1982)  found  no  change  in 
frequency  but  a  drop  in  intensity.  Liu  (1966),  Liu  et  al.  (1966),  Gallagher  and  Thomas  (1984),  and 
Savill  (1987)  found  a  reduction  in  frequency.  Choi  (1989)  found  a  substantial  increase  in 
frequency  but  a  drop  in  burst  duration  of  almost  50  percent. 

Researchers  do  show  agreement,  however,  that  low  speed  fluid  is  entrained  between  the 
riblets,  damping  and  displacing  upwards  the  turbulent  fluctuations.  That  riblets  damp  rms 
turbulent  fluctuations  by  up  to  10  percent  in  the  lower  half  of  the  boundary  layer  for  s+  <50  wall 
units  has  been  shown  by: 

•Walsh  (1980), 

•  Hooshmand  et  al.  (1983), 

•  Nitschke  (1983), 

•  Hooshmand  (1985), 

•  Vukoslavcevic  (1987), 

•  Lazos  and  Wilkinson  (1987b), 

•  Choi  (1989), 

•  Pulles  et  al.  (1989). 

In  addition,  Kozlov  et  al.  (1989)  have  shown  evidence  of  an  increase  in  transition  Reynolds 
number  of  20  to  50  percent  over  riblets  under  low  freestream  turbulence  level  conditions. 
Furthermore,  Bacher  and  Smith  (1985a,  1985b),  Gallagher  and  Thomas  (1984),  Lazos  and 
Wilkin.son  (1987b),  and  Choi  (1989)  found  an  increase  in  streak  spacing  over  riblets  of  ==30 
percent. 

Lazos  and  Wilkin.son  (1987b)  found  evidence  of  discontinuous  doubling  of  vertical 
distance  of  the  point  of  peak  turbulence  intensity  above  thin-element  riblet  “valley  floors”  at  s+=50 
wall  units.  This  result  would  seem  to  point  to  the  existence  of  a  minimum  value  of  riblet  spacing 
below  which  a  significant  percentage  of  the  turbulent  fluctuations  is  excluded  from  the  groove. 

That  this  value  of  spacing  is  approximately  one-half  the  average  spanwise  streak  spacing  has  been 
taken  as  evidence  of  interaction  between  riblets  and  the  coherent  structures  of  the  turbulent 
boundary  layer.  However,  questions  remain  as  to  why  the  value  of  riblet  spacing  at  which  the 
discontinuity  occurs  should  be  one-half  the  streak  spacing  and  not  some  other  multiple.  Further, 
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this  discontinuity  is  not  accompanied  by  any  corresponding  discontinuity  in  drag,  so  that  one  nn 
conclude  either  that  this  characteristic  is  a  second-order  effect  with  minor  influence  on  mean  val  i .  s 
or  that  it  was  produced  by  some  probe-model  interference. 

Research  on  riblets  in  tandem  with  some  other  drag  reduction  scheme,  such  as  polymer'  >r 
LEBUs,  has  shown  that  the  drag  reduction  effect  is  essentially  additive.  Research  on  yaw  has 
shown  that  riblet  drag  reduction  decreases  linearly  with  yaw  rise  to  zero  at  about  30  degrees. 
Similarly,  researchers  have  found  that  riblet  drag  reduction  decreases  linearly  with  pressure 
gradient  rise  to  zero  at  P=0.5.  No  degradation  in  riblet  performance  due  to  high  subsonic  and 
transonic  freestream  flow  has  been  observed.  Despite  the  results  of  Bechert  (1987),  very  receni 
research  on  three-dimensional  riblets  summarized  in  Coustols  and  Savill  (1989)  suggests  that  tti' 
might  be  used  to  increase  maximum  total  drag  reduction  to  as  much  as  1 1  percent. 

Interest  has  arisen  recently  on  riblet  use  in  laminar  flow.  Computational  treatments  such  as 
Khan  (1986),  de  Saint  Victor  (1987),  Djenidi  et  al.  (1987a,1988,1989)  as  well  as  several 
unpublished  papers  summarized  in  Coustols  and  Savill  (1989)  indicated  the  possibility  of  up  to  1 
percent  drag  reduction  due  to  riblets  in  the  laminar  boundary  layer.  This  has  not  been  encounter^  il 
experimentally  and  more  recent  computational  work  such  as  Launder  and  Li  (1989)  has  cast  some 
doubt  on  the  past  calculations.  Further  discussion  of  these  views  is  presented  below  in  section 
2.2.D. 


C.  Previous  Research  into  Riblet  Effects  on  Heat  Transfer.  Only  three  studies  have 
been  done  on  the  effect  of  riblets  on  heat  transfer  to  date  that  the  author  is  aware  of,  all 
inconclusive:  Walsh  and  Weinstein  (1978, 1979)  and  Lindemann  (1985).  All  found  that  the 
Reynolds  analogy  factor,  the  ratio  of  the  Stanton  number  to  half  the  coefficient  of  friction,  was 
changed  by  anywhere  from  -10  percent  to  -(-30  percent,  depending  on  the  particular  riblet  model. 
The  variation  of  the  ratio  of  riblet  heat  transfer  to  flat  plate  heat  transfer  in  these  studies  seems  very 
generally  to  follow  the  same  characteristics  as  the  drag  reduction  but,  since  the  scatter  of  the  data  i.s 
so  large,  in  both  cases  this  is  difficult  to  tell.  However,  minimal  heat  transfer  data  were  taken  in 
the  region  of  drag  reduction  in  Walsh  and  Weinstein  (1978,  1979)  and,  funhermore,  the  heat 
transfer  effects  are  not  presented  versus  riblet  height  or  spacing  in  wall  units.  Again,  in 
Lindemann  (1985),  the  Reynolds  analogy  factors  measured  are  shown,  but  not  any  specific  drag  or 
heat  transfer  effects  versus  height  or  spacing  in  wall  units. 

D.  Suggested  Riblet  Drag  Reduction  Mechanisms.  Almost  as  many  suggestions  for 
riblet  drag  reduction  mechanisms  have  been  made  as  papers  on  riblets  published,  none  with  any 
wide  success.  A  list  of  the  more  plausible  suggestions  would  include  reduction  in  some  burst 
parameter,  thickening  of  the  viscous  sublayer,  streamwi.se  vorticity  diffusion,  and  reduction  in 
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turbulent  intensities. 

Various  studies  have  suggested  that  riblets  affect  burst  frequency,  duration,  and  intensity. 
However,  the  bursting  process  is  not  rigorously  defined.  Further,  some  questions,  which  time 
constraints  prevented  the  author  from  examining  in  any  detail,  have  arisen  as  to  the  validity  of  the 
VITA  burst  detection  method  currently  used  by  researchers.  As  well,  Gallagher  and  Thomas 
(1984)  have  detected  significant  spanwise  variation  of  the  burst  parameters  over  riblets.  Until 
these  three  problems  have  been  resolved,  it  would  be  premature  to  draw  any  conclusions  about  the 
effect  of  riblets  on  bursting  as  a  mechanism.  In  addition,  the  technique  most  often  used  to  detect 
thickening  of  the  viscous  sublayer  is  the  measurement  of  the  decrease  in  bursting  rates,  so  that  the 
same  conclusions  must  be  drawn  about  this  mechanism  as  well  as  its  association  with  bursting. 

Some  agreement  appears  to  exist  that  the  longitudinal  pair  of  vortices  associated  with 
bursting  are  indeed  more  widely  spaced  over  riblets.  Bacher  and  Smith  (1985a)  have  proposed 
that  the  riblets  act  to  dampen  these  vortices  by  allowing  the  production  of  secondary  opposing 
vortices  at  their  peaks.  As  yet,  this  secondary  vorticity  has  not  been  detected,  but  it  might  well  be 
beyond  the  resolution  of  today's  instruments. 

Pearson  (1989),  hypothesizing  that  vorticity  data  in  the  turbulent  boundary  layer  are  as  well 
explained  by  one  vortex  as  by  two,  has  used  the  technique  he  developed  in  Pearson  and  Abernathy 
(1984)  coupled  with  conformal  mapping  to  show  that  riblets  act  to  diffuse  a  single  time-evolving 
vortex,  which  should  then  reduce  skin  friction.  Two  critical  weaknesses  are  immediately  apparent 
in  this  theory:  the  assumption  of  a  single  vortex  and  the  use  of  conformal  mapping. 

The  first  assumption  is  based  on  the  fact  that  the  time  averaged  vorticity  data  can  be  as  well 
explained  by  a  pair  of  counter  rotating  vortices  as  by  one  vortex  rotating  one  direction  half  the  time 
and  the  other  way  the  other  half.  However,  many  of  the  flow  visualization  studies  appear  to  show 
pairs  of  vortices.  Computations  of  w  from  the  continuity  equation  using  conditionally  sampled 
data  of  u  and  v  as  done  in  Choi  (1989)  seem  to  bear  this  out. 

The  use  of  conformal  mapping,  the  second  weak  link  in  the  analysis,  is  predicated  on  the 
argument  that  the  mean  convective  terms  and  the  Reynolds  stress  term  in  the  Navier-Stokes 
equations  are  very  tiny  near  the  riblets.  However,  while  this  is  true  in  the  riblet  valleys,  if  does  not 
.seem  to  be  true  near  the  peaks,  and  it  is  certainly  not  true  at  the  height  at  which  the  presence  of  the 
vortices  has  been  measured.  Furthermore,  while  the  absolute  value  of  the  turbulent  fluctuations 
does  indeed  asymptote  to  zero  at  the  wall,  so  does  the  mean  velocity,  with  the  consequence  that  the 
relative  local  turbulence  level  reaches  a  maximum  and  constant  value,  determined  in  studies  such 
as  Klebanoff  (1954),  Spalart  (1986),  Kim  et  al.  (1987),  and  Alfredsson  et  al.  (1988)  to  be 
approximately  0.4,  throughout  the  viscous  region.  Indeed,  if  one  ignores  these  terms,  then  one  is 
in  actuality  analyzing  the  laminar  boundary  layer,  the  aspects  of  which  in  relation  to  such  an 
approach  are  discussed  below. 
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In  addition,  and  perhaps  more  critically,  even  if  such  assumptions  were  valid,  the  method 
of  conformal  mapping  would  be  incapable  of  producing  any  quantitative  predictions  about  the 
effect  of  riblets  on  skin  friction  because  inviscid  theory  does  not  give  realistic  results  near  a  solid 
boundary.  The  only  way  to  satisfy  the  no-slip  condition  at  a  solid  boundary  in  inviscid  theory  is  m 
specify  arbitrarily  some  type  of  flow  with  zero  velocity  at  the  boundary,  such  as  Couette  flow  ovci 
a  stationary  wall,  in  which  trivial  case  the  predicted  skin  friction  is  merely  the  viscosity  times  the 
specified  value  of  the  slope  of  the  Couette  flow  at  the  wall.  The  theory  of  Bechert  and 
Bartenwerfer  (1989)  of  a  correspondence  between  an  apparent  riblet  height  and  drag  reduction  is 
also  based  on  inviscid  theory  and  conformal  mapping  and  so  is  limited  in  usefulness  to  the 
generation  of  orthogonal  computational  grids. 

Some  researchers  have  argued  that  if  the  mechanism  of  riblet  drag  reduction  were  purely 
viscous,  riblets  should  work  in  the  laminar  boundary  layer  as  well  as  the  turbulent.  Many 
computational  treatments  of  riblets  in  the  laminar  boundary  layer  have  been  performed,  primarily 
due  to  the  relative  simplicity  of  the  calculations  involved.  The  use  of  conformal  mapping  in  these 
treatments  to  calculate  skin  friction  effects,  and  hence  the  treatments  them.selves,  are  invalid  for  the 
same  reason  as  in  the  treatments  of  the  turbulent  boundary  layer  described  above.  Other 
researchers  have  used  finite  element  techniques  to  perform  similar  calculations  predicting  up  to  4 
percent  drag  reduction.  Some  questions  have  arisen,  however,  as  to  the  numerical  accuracy  of  the 
computational  grids  used  in  these  studies.  As  pointed  out  in  Launder  and  Li  (1989),  Djenidi  et  al. 
(1988)  used  only  four  calculational  nodes  in  the  upper  quarter  of  the  riblet  peak,  the  region  where 
90  percent  of  the  drag  of  their  computational  model  occurred.  Since  insufficient  grid  refinement  in 
viscous  flow  finite  element  analyses  may  lead  to  drag  underestimation,  their  drag  reduction  results 
could  be  due  to  numerical  error.  Neither  experimental  research  nor  calculations  by  Launder  and  Li 
(1989)  using  a  very  fine  mesh  have  detected  any  such  laminar  riblet  drag  reduction. 

The  evidence  seems  to  indicate  that  it  would  be  incorrect  to  assume  that  the  drag  reduction 
can  be  explained  without  accounting  for  turbulent  effects.  In  particular,  the  finding  of  Kozlov 
(1988),  that  riblets  delay  transition  by  20  to  50  percent,  can  be  explained  only  by  the  damping  of 
turbulent  fluctuations.  In  this  vein,  many  researchers  have  noted  that  the  riblets  have  the  effect  of 
creating  a  higher  apparent  spanwi.se  viscosity  in  the  wall  region  similar  to  that  found  in  a  turbulent 
boundary  layer  near  a  comer  in  studies  such  as  Bragg  (1969). 

Indeed,  one  of  the  first  suggestions  of  the  possibility  of  using  riblets  to  reduce  turbulent 
drag,  the  empirical  analysis  of  Bath  (1968),  was  based  on  the  data  contained  in  Nikurad.se  (1926. 
1930)  and  l^eutheusser  (1963)  of  decrease  in  skin  friction  near  a  comer.  Bath  assumed  that 
between  the  riblets  and  halfway  up  their  side  the  skin  friction  may  be  calculated  by  a  non- 
dimensionalized  fit  of  these  sets  of  data  and  that  on  the  top  half  of  the  riblets  the  .skin  friction  is 
equal  to  some  constant,  M,  times  the  flat  wall  skin  friction.  He  then  integrated  to  obtain  the  drag 
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for  a  variety  of  values  of  riblet  height,  spacing,  and  M.  His  results  indicated  that  if  M  is  =5  or  K  s 
than  for  riblet  heights  less  than  20  wall  units,  drag  reduction  will  occur  for  s+  between  5  and  1(H* 
wall  units,  with  a  minimum  between  10  and  20  wall  units.  That  such  a  simple,  empirical  approai  i 
predicted  correctly  the  ranges  of  drag  reduction  seems  to  indicate  strongly  that  riblet  drag  reduction 
can  be  explained  by  viscous  damping  of  the  turbulent  fluctuations  alone. 

The  author  notes  that  the  effect  of  riblets  on  the  turbulent  fluctuations  is  highly  similar  to 
the  damping  of  shear  turbulence  by  a  transverse  magnetic  field.  In  particular,  the  percent  damping 
of  the  Reynolds  stress  as  shown  in  Walsh  (1980)  and  Pulles  et  al.  (1989)  is  almost  the  same  as 
that  present  in  a  magneto-hydrodynamic  flow  with  values  of  the  ratio  of  Hartmann  number  to 
Reynolds  number  of =100,  as  shown  in  Lykoudis  (1980).  Unsurprisingly,  the  reduction  in 
turbulent  skin  friction  and  hence  drag  for  this  value  of  Hartmann  to  Reynolds  number  are 
approximately  10  percent,  very  close  to  that  of  riblets. 

E.  Predicting  Riblet  Effects  On  Heat  Transfer.  The  standard  method  of  calculating 
heat  transfer  effects,  the  Reynolds  analogy,  is  of  dubious  value  in  predicting  the  effects  of  riblets 
on  heat  transfer  for  two  reasons.  The  first  reason  is  that  its  accuracy  is  the  same  order  of 
magnitude  as  the  probable  effect  of  the  riblets.  Second,  its  validity  depends  upon  local  condition ' 
such  as  surface  roughness.  Specifically,  Walsh  and  Weinstein  (1978)  note  in  their  survey  of  the 
field  that  the  rise  in  heat  transfer  due  to  wall  roughness  has  always  been  found  to  be  less  than  the 
rise  in  drag.  More  recent  studies  of  “spire”  geometry  roughness,  however,  have  shown  net  heat 
transfer  reduction  in  the  presence  of  drag  rise. 

The  previous  research  on  heat  transfer  over  riblets  is  problematical  for  many  reasons.  1  (’ 
three  studies  at  NASA  Langley  measured  heat  transfer  effects  varying  from  10  percent  reduction 
to  40  percent  increase.  The  first  difficulty  in  applying  their  results  is  that  their  data  are  not 
presented  versus  riblet  height  or  spacing  in  wall  units.  The  second  is  the  extremely  large  scatter, 
the  same  order  of  magnitude  as  the  effect  measured,  of  the  data  as  it  is  presented.  Third,  the 
research  was  performed  before  the  optimization  of  riblet  drag  reduction  and  so  may  not  represent 
the  heat  transfer  effects  at  the  point  of  maximum  drag  reduction.  Fourth,  the  author  notes  that 
while  the  repeatability  claimed  in  Walsh  and  Weinstein  (1978,  1979)  and  Lindemann  (1985)  was 
quite  small  (2  percent),  the  experimental  error  of  the  measurements,  although  not  mentioned,  must 
certainly  be  higher  than  that.  The  author  bases  this  on  the  fact  that  their  driving  temperature 
differential  was  only  5  degrees  Fahrenheit  (compared  with  25  at  the  Stanford  heat  transfer 
facilities  described  in  Moffat  and  Kays  (1984),  the  acme  of  the  field)  and  the  fact  that  they  used 
theniKxrouples,  a  temperature  measuring  device  the  accuracy  of  which  is  estimated  in  Eckert  and 
Goldstein  (1976)  and  Anon.  (1988)  to  be  0.2  degrees  Fahrenheit  or  above.  Thus,  the  error  of  thi  ir 
temperature  differential  measurement  would  be  at  least  5  percent! 


30 


Riblets  could  have  four  possible  effects  on  heat  transfer:  a  rise,  none  at  all,  a  decrease,  or 
variable  effect  depending  upon  some  flow  or  riblet  property  which  does  not  affect  the  momentum 
transfer.  Although  the  latter  case  seems  the  most  unlikely,  no  convincing  indications  exist  as  to 
which  of  the  other  three  is  the  most  probable. 


.^1 


3.  EXPERIMENTAL  DESIGN 


3.1.  Design  Basis 

A.  Project  Goals.  This  project  was  motivated  by  the  desire  to  increase  turbine  efficienc\ 
via  decreasing  turbine  blade  heat  transfer.  Therefore,  the  overall  project  objective  is  to  gage  the 
potential  for  using  riblets  to  reduce  turbulent  convective  heat  transfer  on  a  turbine  blade.  Towards 
this  end,  the  specific  primary  goal  is  to  measure  with  high  accuracy  the  effects  of  riblets  on 
turbulent  convective  heat  transfer.  In  addition,  secondary  goals  are  to  examine  the  relation  between 
this  effect  and  the  effect  of  riblets  on  turbulent  skin  friction,  and  to  determine  the  dominant 
parameter  or  parameters,  if  any,  which  affect  this  relation. 

B.  Design  Criteria.  Based  on  these  goals,  the  primary  criteria  of  the  design  were  taken  to 
be: 

•  heat  transfer  measurement  accuracy, 

•  the  ability  to  test  at  appropriate  riblet  spacing  in  wall  units, 
and  the  following  secondary  criteria  were  chosen: 

•  skin  friction  measurement  accuracy, 

•  the  ability  to  test  at  streamwise  distance  Reynolds  numbers  similar  to  those  of 
the  turbulent  section  of  a  typical  turbine  blade. 

The  primary  criterion  of  heat  transfer  measurement  accuracy  was  based  on  the  primary 
goal  of  the  project.  A  major  difficulty  in  research  into  the  effect  of  riblets  on  the  turbulent 
boundary  layer  is  the  limits  of  the  accuracy  of  current  measurement  techniques.  The  difficulty  is 
that  this  accuracy  is  often  the  same  magnitude  as  the  effects  under  scrutiny.  Since  the  primary  goal 
of  this  project  was  to  measure  the  effect  of  riblets  on  heat  transfer,  the  accuracy  of  the  heat  transfer 
measurement  was  taken  as  a  primary  design  criteria  to  obviate  this  difficulty.  The  effect  of  riblets 
on  drag  is  on  the  order  of  a  single  percent.  The  Reynolds  analogy  indicates  that  the  effect  on  heat 
transfer  should  be  the  same  order  of  magnitude.  Therefore,  to  resolve  the  effect  on  heat  transfer, 
the  heat  transfer  measurement  accuracy  should  be  less  than  1  percent.  Based  on  this,  the  level  of 
accuracy  of  plus  or  minus  half  a  percent  was  taken  as  the  major  design  objective. 

The  primary  criterion  of  ability  to  test  at  appropriate  riblet  height  was  based  on  the  project 
objective.  According  to  the  Reynolds  analogy,  reduction  in  heat  transfer  is  most  likely  to  occur 
during  reduction  in  skin  fnction.  The  project  objective  focuses  on  the  reduction  of  heat  transfer. 

To  maximize  the  chance  of  measuring  heat  transfer  reduction,  the  ability  to  test  at  riblet  heights  and 
spacings,  where  skin  friction  reduction  is  likely  to  occur,  was  taken  as  a  design  criterion. 

The  secondary  criterion  of  skin  friction  measurement  accuracy  was  motivated  indirectly  by 
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the  primary  goal,  since  the  skin  friction  must  be  known  accurately  to  determine  the  wall  unit 
scaling  length,  and  directly  by  the  secondary  goal  of  ascertaining  the  relation  between  riblet  effect 
on  heat  transfer  and  on  skin  friction. 

The  secondary  criterion  of  test  Reynolds  number  was  based  on  the  project  objective. 
Although  the  effect  of  riblets  does  not  seem  to  be  a  strong  function  of  Reynolds  number,  many 
boundary  layer  characteristics  are.  Thus,  to  be  certain  that  the  measured  results  could  be  applied  to 
a  turbine  blade,  the  ability  to  test  at  Reynolds  numbers  equal  to  those  that  might  be  expected  on  the 
turbulent  region  of  a  turbine  blade  was  chosen  as  a  secondary  criterion.  As  mentioned  in  the 
introduction,  this  Reynolds  number  range  is  2x105  to  1x10^. 

C.  Design  Constraints.  Two  design  constraints,  other  than  the  ubiquitous  ones  of  finite 
time,  money,  and  experience,  were  the  tunnel  dimensions  and  flow  regime  and  the  'iu.’ts  of  riblet 
machining  available. 

D.  Design  Parameters.  The  design  parameters  were: 

•  riblet  type,  height  (h),  and  spacing  (s); 

•  test  section  streamwise  distance  (x); 

•  freestream  velocity  (Uoo); 

•  wall  temperature  (Tw); 

•  test  plate  width  (w)  and  thickness  (t); 

•  heater  number  (Nh),  size  (xhi),  and  resistance  (RO; 

•  temperature  sensor  type,  number,  and  location. 

E.  Design  Process.  Because  of  the  difficult  nature  of  accurately  measuring  skin  friction 
and  heat  transfer  in  the  turbulent  boundary  layer,  careful  error  analysis  was  incorporated  into  the 
design  process  from  the  very  first  stages  and  is  described  in  some  detail,  both  in  Section  3.2  and  m 
Appendix  D. 

The  base  of  the  design  process  of  choosing  values  for  the  design  parameters  consisted  of 
deciding  upon  the  general  configuration  of  the  expieriment.  This  decision  for  both  the  skin  friction 
and  heat  transfer  aspects  of  the  experiment  was  based  upon  the  standards  of  previous  research. 
Given  the  general  configuration,  the  riblet  physical  type  and  size  were  determined  from  the  limits 
of  machining  available  for  the  project  and  the  limitations  due  to  the  heat  transfer  aspects  of  the 
research.  The  range  of  test  nblet  spacing  in  wall  units  was  determined  from  a  survey  of  the 
NASA  Langley  research  results.  These  parameters,  coupled  with  the  velocity  range  of  the  wind 
tunnel,  then  determined  the  streamwise  distance  of  the  test  section  necessary  for  various  te.st 
section  Reynolds  numbers.  Based  on  these  determinations,  the  test  section  was  sized.  The 
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physical  details  of  the  design  of  the  test  walls  themselves  were  established  from  considerations  of 
the  limitations  imposed  by  having  to  machine  the  riblets  directly  onto  one  of  the  test  walls  and  of 
the  measurement  accuracy  of  different  heat  transfer  configurations.  Tunnel  wall  test  temperature 
was  chosen  to  minimize  heat  transfer  measurement  error.  Given  the  desired  wall  temperature, 
heater  sizes  were  determined  so  as  to  minimize  the  streamwise  variations  in  this  temperature,  and 
hence  the  measurement  error,  due  to  the  discreteness  of  their  heat  flux  input.  Their  size  and 
necessary  heat  flux  input,  coupled  with  the  power  supplies  available,  set  the  heater  control  circuitry 
needs.  Based  on  these  needs  and  the  available  electronics,  the  circuitry  was  designed.  The  type  of 
temperature  sensors  used  in  the  experiment  was  chosen  for  accuracy  and  affordability.  Their  size 
and  placement  were  determined  from  the  dimensions  of  the  tunnel  wall  and  heaters. 

3.2.  Experimental  Design 

A.  Test  Configuration.  The  starting  point  for  the  test  design  was  the  search  for  a  general 
configuration  suited  to  the  standards  of  previous  research  on  riblet  skin  friction  effects,  coherent 
structures,  and  momentum  transfer  as  well  as  that  on  heat  transfer  in  the  turbulent  boundary  layer. 

In  the  first  three  areas,  the  standard  experimental  configuration  centers  around  the 
canonical,  flat  plate,  turbulent  boundary  layer  case.  The  standard  features  of  this  case  are: 

•  a  flat,  solid  wall,  smooth  other  than  the  presence  of  the  transition  trip  and 

riblets  in  riblet  experiments, 

•  a  fully  turbulent  boundary  layer, 

•  zero  pressure  gradient, 

•  two-dimensional  mean  flow, 

•  steady  outer  flow  with  low  freestream  turbulence, 

•  Newtonian,  single  phase,  incompressible  test  fluid, 

•  no  force  fields. 

This  case  is  the  simplest  and  easiest  to  test  and  analyze  because  it  contains  the  least  number  of 
independent  parameters  possible  without  curtailing  the  validity  and  applicability  of  the  results. 
Furthermore,  it  is  a  momentum  transfer  research  community  standard,  allowing  the  widest 
comparison  of  test  results.  For  these  two  reasons,  the  momentum  transfer  aspects  of  the 
experiment  were  designed  around  this  canonical  case. 

In  the  realm  of  heat  transfer  research,  two  standards  prevail:  constant  heat-flux  and 
constant  temperature  test  walls.  In  each  of  these  cases,  the  streamwise  length  of  the  heated  wall 
upstream  of  the  test  section,  the  heated  starting  length,  may  vary  from  the  starting  length  of  the 
momentum  boundary  layer  to  nothing.  A  configuration  of  constant  temperature  wall  with  heated 
starting  length  equal  to  the  momentum  boundary  layer  starting  length  was  chosen  so  as  to  simplify 
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the  design  calculations,  allow  for  direct  comparison  of  Cf  and  St,  minimize  forward  test  section 
heat  loss,  decrease  the  sensitivity  of  the  temperature  boundary  layer  to  variations  in  wall 
temperature  in  the  test  section,  and  to  enhance  similarity  between  momentum  and  heat  transfer 
conditions.  In  addition,  this  configuration  is  what  would  be  expected  on  a  turbine  blade,  since  tin 
amount  of  cooling  flow  used  in  a  turbine  blade  is  determined  from  how  much  cooling  is  needed  to 
keep  the  blade  temperatures  below  a  certain  upper  limit  and  not  vice  versa. 

To  avoid  one  of  the  primary  sources  of  measurement  error,  the  repeatability  of  a  particular 
flow  state  in  comparing  test  runs,  the  standard  practice  of  simultaneous  testing  of  flat  and  ribleted 
areas  was  incorporated  into  the  design.  The  most  common  riblet  test  configuration,  adjacent 
ribleted  and  flat  test  sections,  ensures  the  most  similar  boundary  layer  conditions  and  so  is  the 
optimum  for  determining  effect  on  skin  friction.  However,  this  setup  does  not  allow  for  simple 
thermal  isolation  of  the  test  sections  from  each  other.  For  this  reason,  it  was  decided  to  have  two 
separate,  heated  walls  on  opposite  sides  of  the  tunnel,  one  with  a  flat  test  section  and  one  with  a 
ribleted  test  section,  termed  A  side  and  B  side  respectively.  As  in  the  majority  of  riblet  tests,  the 
riblets  were  designed  to  begin  far  enough  before  the  test  section  to  allow  flow  adjustment, 
generally  several  inches,  as  well  as  to  cover  the  entire  test  section.  To  ensure  equal  buoyancy 
effects  upon  the  heated  air  over  the  two  test  sections,  these  walls  were  oriented  vertically. 

B.  Riblet  Type  and  Physical  Size.  Choice  of  riblet  type  and  size  was  based  on  machining 
and  heat  transfer  limitations.  Most  riblet  research  uses  the  plastic  V-groove  type  riblet  laminates 
manufactured  by  3M.  However,  the  plastic  from  which  the  laminate  is  made  is  unsuitable  for  use 
in  a  heat  transfer  experiment.  Thus,  the  choice  of  riblet  type  was  limited  to  what  could  reasonably 
be  machined  in  the  lab  machine  shop  into  a  test  plate  suitable  for  heating.  The  simplest  such 
configuration  is  the  thin-element-type  riblet,  rectangular  grooves  with  extremely  fine  ribs,  validau  d 
by  Lazos  and  Wilkinson  (1987). 

The  spacing  was  constrained  to  0.020  in,  the  smallest  width  of  jeweller's  circular  saws 
generally  available.  Riblet  height  was  chosen  to  be  0.015  in  by  taking  the  height-to-spacing  ratii'  of 
the  optimum  riblet  configuration  of  Lazos  and  Wilkinson  (1987).  The  material  of  the  heated  walls 
was  taken  to  be  Aluminum  both  for  the  relative  ease  of  machining  it  and  for  its  high  conductiviiv . 
which  it  was  hoped  would  tend  to  decrease  the  temperature  variation  in  the  test  section  due  to 
heater  misadjustment.  Lengthy  trial  machining  on  Aluminum  plate  indicated  that,  with  the 
available  equipment,  a  riblet  width  of  0.005  in  was  the  minimum  attainable  without  riblet 
deformation. 

C.  Test  Range  of  Riblet  Spacing  in  Wall  Units.  According  to  the  Reynolds  analogy,  the 
most  likely  situation  for  heat  transfer  reduction  is  during  maximum  drag  reduction.  The  ability  to 
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be  able  to  test  under  conditions  of  maximum  drag  reduction  is  therefore  necessary  to  fulfill  the 
second  primary  design  criteria.  As  can  be  seen  in  Figure  2.4,  Drag  Reduction  of  Thin  Element 
Riblets,  the  optimum  condition  for  height-to-spacing  ratio  of  about  0.8  is  s+=10.  The  region  of 
drag  reduction  is  s+<20  and  sufficient  range  to  cover  the  variation  of  the  riblet  effect  on  transfer  is 
obtained  from  s+=10  to  50.  Based  on  these  observations,  the  test  range  of  s-h=10  to  50  was  taken 
with  the  focus  of  s-(-=10  to  15  as  a  possible  point  of  maximum  reduction. 


D.  Test  Section  Sizing.  The  test  section  streamwise  distance  was  constrained  by  the  wind 
tunnel  velocity  range,  the  riblet  physical  size  and  range  of  test  spacing  in  wall  units,  and  the  test 
Reynolds  numbers.  The  wind  tunnel  designated  for  use  in  the  experiment  had  a  flow  regime  of 
freestream  velocity  from  1 5  to  45  m/s.  The  values  of  test  section  Reynolds  number  predicated  by 
the  second  of  the  secondary  design  criteria  thus  constrain  the  test  section  streamwise  distance 
since,  from  equations  2.1 1,  2.15,  2.44,  and  2.56: 

+  h  h  u 

h  =  /(  h,  U  ,  Cp  test  fluid  )  =  -^  =  — -  = 


q  =  /(  ReJ«. 


0.455 


In  (  0.06  Re^  ) 


(3.2) 


and: 

U  X 

Re^^  =  /(  U  ,  X,  test  fluid )  =  — , 

^  (3.3) 

where  x,  the  apparent  turbulent  streamwise  distance,  is  approximately  the  streamwise  distance. 

For  Rex  =  2  x  105  to  1  x  10^,  Cf  =  4  x  10'^.  At  room  temperature  and  pressure,  the  viscosity,  v,  of 
the  tunnel  working  fluid,  air,  is  approximately  1.8  x  10'5  N-s/m^.  Therefore,  in  the  region  of 
optimum  drag  reduction,  from  equation  3.1 : 


h  V 

U  = - =  =  8tol0rr/s. 


(3.4) 


lower  than  the  original  velocity  regime  of  the  wind  tunnel,  but  close  enough  to  be  reached  with 
minor  modifications  to  the  apparatus.  The  approximate  streamwise  location  of  the  test  .section  for 
the  desired  test  regime  is  then,  from  equation  3.3: 
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Re  V 

X  =  — —  =  0. 5  to  2. 25  m 


(3.5) 

The  general  dimensions  of  the  test  section  inlet  area,  8.1  cm  by  24.29  cm,  were  sized  to  fit 
the  tunnel  contraction  built  and  attached  to  the  wind  tunnel  during  previous  research  activities.  This 
section  area  constrained  the  streamwise  distance  for  the  desired  velocity  range  to  below  2  m  to 
avoid  pipe  flow  in  the  test  section.  Due  to  the  space  limitations  of  the  test  cell  and  for  simplicity 
sake,  this  was  decreased  to  1.8288  m. 

To  allow  for  testing  at  a  particular  Reynolds  number  over  the  entire  range  of  s"^,  a  modular 
tunnel  section  form  was  chosen.  The  modules  were  to  consist  of  groups  of  heated  strips  which 
could  be  used  to  form  the  two  test  walls  by  attachment  to  the  tunnel  frame  in  different 
combinations,  making  it  possible  to  position  the  test  segment  at  different  streamwise  distances. 

The  particular  modules  chosen  for  the  tunnel  configuration  were  the  pretest  section,  0.9144 
m  in  length,  to  ensure  fully  developed,  similar  heat  and  momentum  transfer  turbulent  boundary 
layers;  the  test  section,  0.3048  m  in  length;  and  two  0.3048  m  length  spacer  sections.  To  allow 
flush  abutment  of  the  sections,  the  tunnel  frame  was  designed  with  four  rails  along  each  corner  of 
the  tunnel  onto  which  the  wall  segments  could  be  bolted,  allowing  test  section  midpoint 
streamwise  distances  of  1.066  m,  1.371  m,  and  1.676  m.  A  heat-resistant  clear  plastic  was  chosen 
as  the  material  for  the  two  side  walls  to  allow  visually  dependent  probe  positioning  and  the 
possibility  of  flow  visualization. 


E.  Test  Wall  Design.  Given  the  riblet  machining  experience  and  general  tunnel  layout,  the 
configuration  of  the  heaters  was  chosen.  The  most  common  design  of  heated  elements 
comprising  the  test  wall  of  a  heated  boundary  layer  experiment  as  evident  in,  for  example,  Satterlee 
(1955),  Reynolds  (1958),  Reynolds  et  al.  (1958a,  b),  or  Moffat  and  Kays  (1985),  is  that  of  thin, 
thermally  insulated,  individually  heated,  metal  strips  with  heat  flux  gages  to  measure  side  and  back 
losses.  Several  elements  of  this  type  of  design  were  rejected  in  an  attempt  to  increase 
measurement  accuracy  as  well  as  to  compensate  for  the  constraints  imposed  by  the  necessity  of 
machining  the  riblets  directly  onto  the  B  side  test  section. 

Trial  and  error  in  the  lab  machine  shop  indicated  that  the  only  way  to  ensure  riblet 
uniformity  and  alignment  to  within  5  percent  of  riblet  height,  or  25  microns,  was  to  machine  them 
into  a  single,  precision  plate.  Therefore,  all  the  individually  heated  strips  to  be  ribleted  were  sized 
from  a  single  precision  plate,  rebonded  and  thereby  thermally  insulated  with  syntactic  foam  epox) . 
and  then,  in  the  resulting  single  plate,  machined  to  specifications.  To  allow  this  latter  plate  to 
withstand  the  stresses  of  machining  and  attachment  to  the  tunnel  frame  without  having  to  include 
.some  type  of  strengthening  member  perforating,  and  so  compromising  by  some  unknown  amount 
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the  effectiveness  of  the  epoxy  insulation,  the  number  of  epoxy  joints  was  minimized  by  insulati'  : 
the  individual  test  sections  only  from  the  surrounding  guard  heater  sections  and  not  from 
themselves.  This,  it  should  be  pointed  out,  sacrificed  the  accuracy  of  the  resolution  of  the  heat 
transfer  measurements  within  the  test  section  relative  to  one  another  for  the  sake  of  the  viability  ■  i 
the  entire  ribleted  plate,  but  not  the  accuracy  of  the  heat  transfer  measurements  as  a  whole. 
Evaluation  of  this  feature  of  the  design  in  practice  and  its  influence  on  the  results  are  presented  in 
Section  6  and  Appendix  D. 

Research  into  the  limits  of  the  current  heat  flux  gage  technology  led  the  author  to  conclude 
that  the  back  and  side  heat  losses  could  be  more  accurately  measured  with  the  use  of  adjustable 
guard  heaters  and  direct  insulation  temperature  measurements. 


F.  Setting  Wall  Temperature.  Given  the  general  physical  dimensions  of  the  test  section, 
the  operating  wall  temperature  was  constrained  by  the  goal  of  high  accuracy  of  St  measurement. 
From  an  energy  balance  of  the  i-th  heated  section  of  tunnel  wall,  the  convected  heat  flux  at  the  wall 
surface  at  the  streamwise  midpoint  of  the  section  is: 


q 


A 


(3.6) 

where  Qhi  is  the  heat  flux  from  the  i-th  heater,  Qbi  the  back  loss  of  the  i-th  section,  Qsi  the  side 
losses  from  the  i-th  section,  and  qri  the  radiated  surface  heat  loss.  The  Stanton  number  is  then, 
from  equation  2.29: 


St  = 


pU  C  (T  -T  ) 

^  C  P  w,  c 

(3.7) 

The  primary  source  in  error  in  Stj  is  the  error  in  Twj,  contributed  through  the  driving  temperature 
differential,  ( Twi  -  Te ),  and  the  radiated  heat  loss,  q^i.  The  latter  is  given  by  Stefan-Boltzmann  Law 
of  Radiation: 


‘  (3.1 

where  e  is  the  emissivity  of  the  body  surface  and  o  the  Stefan-Boltzmann  constant.  Using  a 
Taylor  series  approximation  as  described  in  Appendix  C,  the  error  in  Stanton  number  is  thus. 


(3.9) 


where: 
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for  use:  thin-film,  platinum  resistance  temperature  detectors  (RTD’s)  witli  a  four-wire  resistance 
measurement  configuration.  The  minimum  error  attainable  with  such  a  configuration  and  the 
calibration  apparatus  available  were  estimated  to  be  =0.1°  C.  For  this  value  and  the  general  design 
parameter  values  above,  the  error  in  Stanton  number,  approximately  a  function  of  Twi  only,  is 
shown  versus  (Tw,  -Te)  in  Figure  3.1,  Stanton  Number  Measurement  Error.  As  can  be  seen,  the 
primary  reduction  in  Stanton  number  error  occurs  below  50°C.  Because  the  minor  reduction  in 
error  above  50°C  would  be  offset  by  other  factors  such  as  viscosity  variation,  this  was  taken  as  the 
design  driving  temperature  differential. 


G.  Heater  Sizing.  The  width  of  each  of  the  heated  strips  was  determined  from  a  simplified 
thermal  analysis  of  the  tunnel  walls.  The  governing  equation  for  two-dimensional  heat  transfer 
with  no  heat  generation  in  a  medium  with  temperature  invariant  properties  is  Laplace's  equation: 

T  =  0. 

(3.11) 


The  actual  and  simplified  boundary  conditions  for  the  tunnel  walls  are  shown  in  Figure  3.2.  Actual 
and  Simplified  Tunnel  Wall  Boundary  Conditions.  The  actual  boundary  conditions  for  the  tunnel 
walls  along  the  center  span,  ignoring  back  and  side  losses,  as  shown  in  the  top  of  Figure  3.2,  are 
so  complicated  that  an  analytical  solution  is  not  tractable.  These  boundary  conditions  consist  of 
laminar  and  turbulent  convective,  as  well  as  radiation,  heat  flux  out  of  the  flow  side  of  the  strips 
and  the  discTete  heater  heat  flux  into  the  individual  strips  on  the  other  The  shaded  rectangle 
represents  one  of  the  two  heated  tunnel  walls.  The  more  darkly  shaded  section  within  this 
rectangle  is  the  i-th  heated  strip,  of  length  h,  located  at  a  streamwise  distance  xj,  with  Q,  heat  flux 
input.  The  simplified  boundary  conditions  shown  below  the  actual  ones  are  an  approximation  for 
the  i-th  heated  strip.  In  the  simplified  case,  radiation  effects  are  assumed  to  be  negligible.  The 
simplified  boundary  conditions  are  thus:  one,  insulated  ends: 

ar  •  ar  • 

- -  (  X  =  0  )  =  - (  X  =  1.  )  =  0, 

dx  dx 


where: 


two,  linear  approximation  of  the  convective  heat  flux  out  of  the  top  of  the  strip  using  the  value  of 
the  flux  and  its  slope  calculated  at  the  midpoint  from  some  empirical  formula: 
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where; 


(3.14) 


^  2x*  X 

^(x,y  =  w)=-(q„,,^.fc(l-  — )). 


dx  2’ 

and,  three,  constant  heater  heat  flux  into  the  bottom  of  the  strip: 

ar  *  ^w.  X, 

^(x  ,y  =  0)  =  -— , 


(3.15) 


(3.16) 


where  heat  flux  is  defined  positive  into  the  strip.  All  four  of  these  boundary  conditions  are  linear 
but  only  the  first  two  are  homogeneous,  so  that  simple  solution  by  separation  of  variables  is  not 
possible  .  However,  this  simplified  case  may  be  broken  down  further  into  the  superposition  of  the 
trivial  one-dimensional  problem: 

£[_  ^w.x, 

dy  k 


and  the  simpler  two-dimensional  problem  with  boundary  conditions  3.12; 

ax  « 

.—  (  X  ,  y  =  0 )  =  0, 

ay 


(3.16) 


(3.17) 


and: 


*  c  2x 

3-(x  ,y  =  w)=--(l  - ). 

k  1. 


(3.18) 


Three  of  these  are  homogeneous  so  that  a  solution  may  be  found  via  separation  of  variables  and 
the  use  of  Fourier  series  representation  and  then  superposed  with  the  one  dimensional  solution  to 
give: 


T(x*  ,y)=T^--^(y-w)  + 


I 


_  - cosh  (  y  )  cos  (  X  ), 

n=o  X  1.  sinh  (X  w ) 


n  I 


(3.19) 


where: 


,  2n-i- 1 


(3.20) 


With  this  formula,  the  streamwise  temperature  differential  across  strip  i  for  various  lengths  1;  can 
be  calculated  from  the  predicted  boundary  layer  values  of  Stanton  number  given  the  streamwise 
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transition  distance. 

A  transition  Reynolds  number  of  1  x  10^  was  chosen  to  ensure  both  that  no  transition 
would  occur  spontaneously  before  the  trip  position  and  that  at  and  past  the  transition  point,  the 
boundary  layer  would  be  unstable  and  hence  remain  turbulent.  This  Reynolds  number  then 
constrained  the  boundary  layer  trip  position  to  be  1 1.43  cm. 

Given  the  transition  point,  the  flat  plate  solution  for  laminar  boundary  layer  thickness, 
given  in  Blasius  (1908)  as: 

4.950 

*  (3.21 

was  solved  with  equation  2.41,  under  the  constraint  that  at  transition: 

5,  =5, 


for  the  apparent  turbulent  origin.  The  Blasius  solution  for  laminar  skin  friction: 


0.664 


(3.22) 

was  then  used  with  equations  2.41,  2.42,  2.43,  2.56, 2.64,  and  3.21  to  solve  for  the  boundary  layer 
values  along  the  tunnel  walls  for  various  test  speeds. 

The  actual  flow  area  calculated  from  the  displacement  thickness  was  used  to  iterate  for  a 
tunnel  wall  angle  setting  for  each  segment  that  produced  flow  as  close  to  zero  pressure  gradient  as 
possible.  Given  flow  of  velocity  u  in  the  direction  x  through  a  rectangular  duct  of  width  1  and 
height  h  with  a  boundary  layer  displacement  thickness  along  each  wall  5*,  the  actual  flow  area  is: 


A„„„  =  (l-28‘)(h-25‘). 


(3.23) 


If  the  height  can  be  adjusted  to  any  new  value  h',  then  the  new  height  which  gives  a  zero  pressure 
gradient  is: 


*  /  1  \ 

h'  =  25  +( - ;-)h. 

1-25 

(3.24) 

The  values  given  by  this  equation  throughout  the  flow  regime  were  used  in  choosing  the  height 
setting  at  each  of  the  wall  height  adjustors  that  most  closely  approximated  zero  pressure  gradient 
flow.  Half  this  tunnel  height  setting  is  shown  in  Figure  3.3,  Tunnel  Height  Setting  and  Predicted 
Boundiuy  Layer  Thickness  @  10  m/s,  not  to  scale. 

Given  the  actual  tunnel  area  as  a  function  of  streamwise  distance,  the  velocity  and  pressure 
gradients  for  various  flow  conditions  can  be  calculated.  From  the  design  values  of  height  setting, 
the  effect  on  the  velocity  is  given  by  continuity  to  be: 
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du  _  u  dA 
dx  A  dx’ 

(3.25) 

The  boundary  layer  values  along  the  tunnel  walls  at  their  actual  can  then  be  calculated  from  this 
freestream  velocity  and  the  streamwise  distance.  The  boundary  layer  thickness  and  the 
displacement  thickness  determined  via  this  method  are  plotted  in  Figure  3.3  in  their  actual 
positions  relative  to  the  tunnel  wall.  From  the  x-momentum  equation,  the  pressure  gradient 
resulting  from  the  velocity  gradient  is: 


dx 


(3.26) 


or,  after  nondimensionalizing  and  substituting  in  equation  3.25: 

i3^£±=.puiii=2ii— . 

^  dx  ^  dx  Cj.  A  dx 


Calculations  indicated  that  this  pressure  gradient  parameter  for  the  tunnel  wall  height  settings 
cho.sen  was  below  0.01  for  the  regime  of  tunnel  freestream  velocity  below  15  m/s,  practically  zero 
pressure  gradient  and  certainly  low  enough  to  have  no  measurable  effect  on  riblet  performance. 

Equations  2.21, 2.23,  and  2.25  through  2.27  were  used  to  calculate  velocity  profiles 
immediately  fore  (denoted  as  position  1)  and  aft  (denoted  as  position  2)  of  the  test  section.  These 
profiles  were  then  used  to  plan  the  boundary  layer  traversals. 

From  these  results,  equation  3. 19  was  used  to  find  the  streamwise  strip  lengths,  Ij,  in  the 
three-foot  pretest  section  such  that  the  streamwise  temperature  differential  across  the  strip  was  less 
than  0.1°  C  for  test  speeds  less  than  20  m/s  and  less  than  0.05°  C  for  test  speeds  less  than  10  m/s, 
except  at  the  leading  edge  of  the  heated  secrion.  These  lengths  are  shown  along  with  the  general 
dimensions  of  the  pretest  section  in  Figure  3.4,  Heaters  and  RTD's  in  the  Pretest  Segment. 

In  the  test  segment,  a  uniform  strip  length  of  5.08  cm  was  chosen  to  give  temperature 
differentials  less  than  0.02°  C  for  test  speeds  less  than  20  m/s  and  less  than  0.01°  C  for  those  less 
than  10  m/.s.  The  side  guard  heaters  in  the  test  segment  were  sized  to  be  15.24  cm  by  4.445  cm  to 
prevent  the  boundary  layers  of  the  clear  side  tunnel  walls  from  interfering  with  the  flow  over  the 
test  section.  The  width  of  the  border  of  epoxy  insulating  the  test  section  from  these  guard  heaters 
was  sized  to  be  0.15875  cm  from  the  constraint  that  the  heat  flux  through  the  epx)xy  for  a  driving 
temperature  differential  of  0.1°  C  be  less  than  1  percent  of  the  convective  heat  transfer.  These 
lengths  are  shown  along  with  general  dimensions  in  Figure  3.5,  Heaters  and  RTD's  in  the  Test  and 


Spacer  Segments. 

In  the  spacer  segments,  strip  lengths  of  15.24  cm  were  determined  to  be  sufficient.  Their 
configuration  is  also  shown  in  Figure  3.5. 
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H.  Heater  Circuitry  Design.  Given  the  strip  dimensions  and  the  boundary  layer  valucN. 
the  wall  heat  flux  was  integrated  to  determine  the  minimum  heater  flux  needed  for  each  strip  heiucr 
at  each  test  condition.  Since  only  four  power  supplies  were  available  for  the  experiment,  the 
heaters  were  divided  into  four  sets  of  parallel  circuits.  The  heater  resistances  were  chosen  to  give  a 
maximum  power  density  of  1 .55  W/cm^  to  allow  the  tunnel  walls  to  be  heated  to  operating 
temperature  within  1  hour.  From  the  heater  resistances  and  power  inputs,  the  necessary  voltages 
were  determined.  The  voltage  of  each  circuit  was  taken  to  be  the  maximum  of  the  heater  voltages 
needed  in  that  circuit.  The  ideal  resistance  values  of  the  heater  control  circuitry  necessary  to  allow 
the  proper  drop  in  voltage  for  the  rest  of  the  heaters  in  the  circuit  were  then  determined  for  each 
planned  test  point.  The  actual  resistance  values  were  determined  by  taking  a  safety  factor  of  1 .5. 
The  resulting  heater  control  circuitry  design  is  shown  in  Figures  3.6  through  3.8. 

The  heater  type  was  chosen  to  be  etched  foil  elements  to  avoid  the  deformation  of  the  test 
plates  necessary  for  the  use  of  types  such  as  wire  inlays  as  well  as  the  complexity  of  types  such  as 
fluid  heat  exchangers. 

I.  Temperature  Sensor  Type  and  Placement.  For  the  purpose  of  sufficiently  resolving 
the  surface  temperature  of  the  tunnel  walls,  the  general  figure  of  three  sensors  per  heated  strip  was 
taken.  The  order  of  magnitude  of  the  number  of  temperature  sensors  was  then  determined  from 
the  number  of  heaters  to  be  150.  The  actual  number  was  constrained  to  140  by  the  data  acquisition 
system  purchased  for  the  experiment.  The  geometry  of  the  riblets  prevented  the  emplacement  of 
any  sensor  on  or  flush  with  the  tunnel  wall  surface,  so  that  the  sensors  were  restricted  to  placement 
from  the  rear  of  the  heated  strips  some  finite  distance  beneath  the  surface.  For  simplicity,  the 
sensors  were  designed  to  be  cylindrical  plugs  that  would  fit  into  precisely  reamed,  flat  bottom 
holes  with  the  platinum  sensing  element  parallel  to  the  plane  of  the  heated  wall  surface.  To 
conserve  money,  miniature,  rectangular,  thin-film  sensors  were  set  into  the  bottom  of  cylindrical 
plugs  of  thixotropic  epoxy  in  Teflon  molds.  The  epoxy  with  thermal  conductivity  and  coefficiem 
of  thermal  expansion  closest  to  those  of  Aluminum  was  chosen.  The  distance  of  the  sensing 
element  beneath  the  wall  surface  was  cho.sen  to  be  0.254  cm  so  as  to  prevent,  first,  any  chance  t>r 
sensor  deformation  of  the  surface,  especially  on  the  ribleted  side,  and,  second,  detecting  any  local 
temperature  distribution  effects  caused  by  the  riblets,  while  still  having  the  temperature  of  the 
.sensor  be  within  0.01°  C  of  the  temperature  of  the  wall  surface  for  test  speeds  below  10  m/s.  The 
RTD  labelling  is  shown  in  Figures  3.4  and  3.5  and  their  placement  in  Figures  3.9  through  3.1 1. 

Further  details  of  the  test  apparatus  are  given  in  Section  4,  Experimental  Apparatus. 
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A.  Introduction.  The  low  speed  wind  tunnel  used  in  the  experiment,  shown  in  Figure 
4. 1 ,  Wind  Tunnel  Apparatus,  consisted  of  an  inlet,  a  compressor,  and  the  following  segments: 
orientation,  turbulence  diffuser,  contraction,  pretest,  test,  and  spacer.  Directions  parallel  to  the  flow 
are  referred  to  as  streamwise  and  denoted  by  the  symbol  x;  directions  perpendicular  to  the  flow 
and  parallel  to  the  plane  of  the  test  walls,  the  vertical  plane,  are  termed  spanwise  and  denoted  as  z; 
and,  those  perpendicular  to  both  the  flow  direction  and  the  test  walls,  the  horizontal  and  y. 

B.  Inlet.  The  inlet,  designed  and  constmcted  by  A.  Bodenhom,  was  a  tube  of  5052 
Aluminum  sheet,  33.97  cm  in  diameter  and  76.2  cm  in  length,  with  three  outer  wooden  ribs  and  a 
large,  tear-drop  cross-section  shaped,  wooden  lip,  58.42  cm  in  outside  diameter. 

Because  the  original  exit  velocity  range  of  the  apparatus,  1 5  to  45  m/s,  was  higher  in  the 
original  configuration  than  the  desired  experimental  range  of  8  to  40  m/s,  two  layers  of  coarse  wire 
mesh  and  three  layers  of  fine  wire  mesh  were  positioned  across  the  mouth  of  the  blower  inlet  and 
sealed  around  the  edges  to  produce  the  desired  drop  in  total  pressure. 

C.  Compressor.  The  compressor,  a  5-Hp  Westinghouse  Silentvane,  type  BSY-4103, 
consisted  of  a  single  stage,  radial  fan,  with  8.26-cm-wide  blades  and  a  tip  radius  of  15.56  cm, 
rotating  at  a  nominal  speed  of  1725  rpm.  Exit  velocity  was  controlled  by  variable  angle, 
noncambered,  inlet  guide  vanes.  The  vane  angle  was  set  by  depressing  or  raising  a  steel  rod.  The 
rod  was  attached,  through  a  universal  joint,  to  a  lever  which  rotated  the  hub  upon  which  the  leading 
edges  of  the  vanes  were  hinged.  After  positioning,  the  rod  was  secured  with  a  clamping  bracket 
bolted  to  the  inlet  wall.  The  exit  area  of  the  blower  was  a  rectangle  24.45  cm  by  32.7  cm,  with  the 
longer  side  oriented  vertically. 

Further  description  of  the  inlet  and  compressor  may  be  found  in  Bodenhom  (1982). 

D.  Orientation,  Turbulence  Diffusion,  and  Contraction  Segments.  The  orientation 
segment,  30.48  cm  in  length,  was  built  from  1.9-cm  plywood  lO  turn  this  orientation  90  degrees. 

The  turbulence  diffuser  and  contraction  segments  were  built  from  1 .27-cm  Plexiglass.  The 
turbulence  diffuser  segment,  48.26  cm  in  length,  contained  three  honeycomb  layers.  The 
honeycomb  sheets,  5.08  cm  thick,  with  honeiycomb  sides  1.59  mm  wide,  were  positioned  2.54  cm 
apart.  The  contraction  segment  was  53.34  cm  long  and  had  a  contraction  ratio  of  4  to  1.  The  final 
flow  area  exiting  into  the  pretest  segment  was  24.29  cm  by  8.098  cm. 


44 


The  different  segments  were  bolted  together  with  a  1 .59-mm  layer  of  silicon  rubber  tai)e  at 
the  joins  to  prevent  leakage.  Internal  rough  spots  on  the  tunnel  walls  were  sanded  smooth  and  any 
indentations  were  filled  with  clear  epoxy  and  auto  body  filler  in  the  Plexiglass  sections  and  wood 
filler  in  the  plywood  section  and  then  also  sanded  smooth.  These  segments  were  supported  by  a 
Unistrut,  steel  U-beam  frame,  modified  to  allow  levelling  of  the  tunnel. 

E.  Tunnel  Frame.  The  tunnel  frame  consisted  of  two  sets  of  two  Unistrut  U  beams,  onto 
each  of  which  were  bolted  the  two  clear,  Lexan  walls  and  the  the  two  sets  of  discrete  sections  of 
removeable,  heated,  wall  which  comprised  the  pretest,  test,  and  spacer  segments. 

The  base  of  the  tunnel  frame  consisted  of  four  1.8336-m  lengths  of  3.49-cm  by  4. 13-cm 
Unistrut  U-beams,  formed  from  2.38-mm-thick,  extruded,  stainless  steel.  These  members  were 
bolted  in  pairs  with  two,  1.27-cm  by  3.175-cm  by  12.38-cm  Aluminum  brackets  at  each  end, 
which  in  turn  were  bolted  onto  9.525-mm-thick  Aluminum  end  plates  to  form  the  tunnel  frame 
parallelopiped. 

The  end  plates  were  rectangular,  metal  sheets,  42.069  cm  by  23.336  cm  in  outside 
dimension,  with  a  rectangular  hole  the  size  of  the  contraction  exit  flow  area  in  the  fore  plate  and  the 
size  of  the  maximum  flow  area  required  for  zero  pressure  gradient  flow  at  the  lowest  design  speed 
in  the  aft  plate  machined  from  their  centers.  The  fore  plate  was  bolted  permanently  to  the 
contraction  segment  while  the  rear  plate  was  supported  by  a  second  Unistrut  frame  which  allowed 
streamwise  and  spanwise  tunnel  levelling. 

The  clear  side  walls,  Lexan  polycarbonate  sheets,  1.27  cm  by  7.779  cm  by  1.84309  cm  in 
size,  were  bolted  directly  to  the  inside  of  the  Unistrut  tunnel  frame  using  0.635-cm  1/4-20  Helicoil 
inserts  set  into  the  Lexan  at  15.24-cm  intervals.  Silicon  sponge  tape  insulation,  1.59  mm  thick, 
was  applied  to  their  surfaces  of  contact  with  the  heated  walls.  Three  types  of  probe  ports  were 
machined  into  the  Lexan  walls  at  various  positions:  pitot-static  probe  ports,  boundary  layer,  and 
hot  wire. 

The  pitot-static  and  hot-wire  ports  were  located  at  the  horizontal  or  y  midpoint  of  the  Lexan 
walls  at  streamwise  distances  equal  to  the  midpoints  of  the  four  tunnel  segments,  the  former  in  the 
bottom  Lexan  wall  and  the  latter  in  the  top,  so  as  to  allow  positioning  of  the  probe  tips  in  the 
geometric  centers  of  each  segment  parallelopiped.  The  pitot-static  ports  were  3/8-27  threaded 
holes  with  4.76-mni  inset  lips.  The  probes  were  passed  through  the  ports  and  secured  at  the 
correct  position  and  flow  relative  angle  with  3/8-27  tightening  pipe  collars  that  were  screwed  flusli 
with  the  inside  of  the  tunnel  walls.  The  same  configuration  was  arranged  for  the  hot-wire  probe, 
except  with  1/2-20  pipe  collars. 

The  boundary  layer  probe  ports  were  located  in  both  of  the  Lexan  walls  to  allow  boundary 
layer  traversals  immediately  fore  and  aft  of  the  test  section  of  both  heated  walls  for  all  three  of  the 
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tunnel  configurations.  These  ports  were  slots,  1.27  cm  by  6.03  cm,  with  the  longer  dimension  *’f 
the  slot  oriented  horizontally,  having  a  6.35-mm  external  lip,  4.76  mm  deep,  on  the  upstream  an<l 
downstream  sides  of  the  port.  These  lips  allowed  the  bolting  of  port  inserts  to  the  1/16-36  Helicoil 
inserts  set  into  the  Lexan  around  the  port  and  prevented  the  port  inserts  from  slipping  through  thi.' 
pon.  Two  types  of  port  inserts  were  machined  from  Plexiglass.  The  first  type  was  a  solid  block 
constructed  to  sit  flush  with  the  inside  of  the  Lexan  walls  when  bolted  in  position.  They  were 
placed  in  all  the  ports  not  in  use  to  prevent  flow  disturbances.  The  second  type  was  constructed 
from  two,  lipped  strips  of  Plexiglass,  3.174  mm  by  6.03  cm  each,  connected  on  the  bottom  with  a 
slitted,  rubber  strip,  1.27  cm  by  6.03  cm  by  1.59  mm.  This  insert  was  bolted  into  position  around 
the  tube  of  the  boundary  layer  probe,  after  it  had  been  placed  through  the  port,  so  as  to  minimize 
the  disturbance  of  the  flow  at  the  inner  lip  of  the  port  while  still  allowing  horizontal  movement  of 
the  probe. 

F.  Tunnel  Heated  Walls.  The  heated  tunnel  walls,  from  the  flow  side  to  the  external  side, 
were  comprised  of; 

•  a  layer  of  metal  plate,  into  which  the  RTD’s  were  epoxied, 

•  a  layer  of  heaters  glued  to  the  back  of  the  plate, 

•  a  layer  of  insulation  glued  to  the  heaters, 

•  guard  heaters  glued  onto  this  layer  of  insulation,  and  finally, 

•  a  second  layer  of  insulation  glued  onto  the  guard  heaters. 

A  tunnel  cross  section  area  perpendicular  to  the  freestream  is  shown  in  Figure  4.2,  Tunnel  Quarter 
Cross  Section,  exhibiting  these  layers.  Since  the  tunnel  cross  section  is  rectangular,  it  exhibits 
symmetry  about  y  and  z  axes  passing  through  its  center.  Therefore,  only  one  quadrant  is 
necessary  to  show  the  full  details  of  the  tunnel. 

The  metal  layer  in  the  pretest,  test,  and  spacer  .segments  was  1.27  cm  thick,  1060 
Aluminum  plate  with  a  spanwise  width  of  26.67  cm,  machined  to  a  tolerance  of  0.13  mm. 
Measurements  showed  that  the  variation  in  any  plate  dimension  was  not  more  than  8.47  microns 
per  cm.  The  two  pretest  plates  were  0.9144  m  in  length.  The  test  and  spacer  plates  were  0.3048  m 
in  length. 

The  test  sections  of  the  two  test  plates  were  sawed  out  of  the  original  plates  with  1 .59-mm 
saws  to  allow  for  insulation  of  these  sections  with  foam  adhesive.  Using  a  precision  clamping 
frame,  the  test  plates  were  epoxied  back  together  with  Eccobond  SF40  syntactic  foam  adhesive  as 
insulation,  filling  the  saw  cuts  around  the  test  sections  as  completely  and  as  exactly  as  possible  (see 
Figure  3.9).  The  material  properties  of  the  SF-40  epoxy,  as  given  in  Anon.  (1979),  were:  k  = 

0. 1 25  J/m-s-°C  and  a  =  37.8  x  10-^  m/m/°C.  For  .simplicity  and  for  greater  precision,  these  saw 
cuts  extended  fully  across  the  plate  in  the  spanwise  direction,  resulting  in  one  spanwise  strip  of 
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insulating  epoxy  in  each  of  the  side  guard  heated  plate  sections  (i.e.,  those  sections  heated  by  guard 
heaters  H23  through  H25).  This  may  be  seen  in  Figure  4.3,  Photograph  of  the  Ribleted  Test  Plate, 
where  the  epoxy  joints  show  as  white  strips.  This  was  assumed  to  have  negligible  effect  on  the 
heat  transfer  in  the  test  sections.  The  tolerances  on  the  joints  were  5  percent,  i.e.,  76.2  microns, 
due  to  minor  misalignment  of  the  test  section  during  bonding.  Care  was  taken  to  ensure  that  no 
discontinuities  existed  at  any  of  the  epoxy  joints  as  well  as  that  the  tolerances  of  the  test  plate 
dimensions  were  not  increased  by  the  joining  process. 

After  insulating  the  test  sections,  one  of  the  test  plates,  denoted  as  plate  B,  was  ribleted  by 
cutting  the  grooves  with  a  saw  on  a  milling  machine.  This  plate  is  shown  in  Figure  4.3.  As  can  l->e 
seen,  the  riblets  were  of  uniformly  good  quality  except  for  three  rows  located  3.8  cm  from  the 
vertical  edge  of  the  plate.  These  rows  appear  as  white  streaks  close  to  the  mler  in  Figure  4.3. 
Fortunately,  these  rows  were  outside  the  test  section  and,  therefore,  of  minimal  importance. 
Measurements  with  a  disc  micrometer  and  a  depth  gage  indicated  that  the  riblet  midpoint-to- 
midpoint  spacing  was  0.67  mm  ±  0.02  mm,  the  height  0.38  mm  ±  0.012  mm,  and  the  width  0. 1 4 
mm  ±  0.01  mm,  where  the  error  includes  both  streamwise  and  spanwise  variations.  A 
photograph  of  the  leading  edge  of  the  ribleted  plate  is  shown  in  Figure  4.4,  Photograph  of  the 
Leading  Edge  of  the  Ribleted  Plate,  and  a  cross  section  of  the  riblets  in  4.5,  Photograph  of  a  Riblet 
Cross  Section. 

Close  inspection  of  the  riblets  in  the  regions  of  the  spanwise  and  streamwise  epoxy  joints 
with  a  stereoscopic  microscope  indicated  that  there  were  no  detectable  discontinuities  along  the 
riblets  at  the  joins.  Indeed,  the  riblets  in  the  epoxy  joints  were  actually  of  higher  quality  (i.e., 
greater  uniformity)  than  those  in  the  test  plate  itself. 

The  RTD  holes  were  machined  into  the  back  of  the  metal  plates  with  precision,  flat  bottom 
reamers  as  per  Figures  3.13  through  3. 15.  The  RTD's  were  then  epoxied  into  the  plates  as 
described  below  in  Section  4.2.A. 

The  wall  heaters  were  etched  foil  elements,  from  12.7  microns  to  25.4  microns  in 
thickness,  sandwiched  between  two  layers  of  50.8  micron  Kapton  Polyimide  sheeting  with  a  25.4- 
micron-thickness  of  FEP  Teflon  adhesive.  Their  areas  and  room  temperature  resistances  are  given 
in  Tables  4.1  and  4.2.  Their  leads  consisted  of  25  cm  of  18  gage.  Teflon  insulated,  silver-tinned, 
stranded  copper  wire  soldered  to  the  foil  elements  at  0.5-cm  square,  0.25-mm  thick  tabs.  These 
wires  were  in  turn  connected  to  1  m  of  14  gage,  stranded,  copper  wire.  For  each  test  segment, 
these  leads  led  to  a  wire-strain-relieved,  10-cm  by  25-cm  by  30-cm  Aluminum  box,  in  each  of 
which  were  bolted  seven  strips  of  10- screw-post  terminal  connectors.  At  these  connectors,  the 
shunt  resistors,  the  various  voltage  measurement  leads,  and  the  heater  control  circuitry  were 
interfaced.  The  heater  control  circuitry,  which  was  connected  to  these  two  interface  boxes  with 
m  lengths  of  14-gage  wire,  was  contained  in  three  standard,  48.26-cm  wide,  fan  cooled,  panel 
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racks. 


The  heaters  were  attached  to  the  back  of  the  Aluminum  plate  with  0.254  cm  of  RTV 
Silicon  rubber  adhesive.  A  2.54-cm-thick  layer  of  Calcium  Silicate  board  insulation,  sprayed  with 
high  gloss,  high  temperature  paint  to  deter  crumbling,  was  affixed  on  top  of  the  heaters  with  a 
1.27-cm-wide  strip  of  RTV  Silicone  rubber  adhesive  0.635  cm  thick.  The  thermal  conductivity  of 
the  insulation  board  at  its  test  operating  temperature,  as  described  in  Anon.  (1988b),  was  k  = 
0.04625  J/m-s-°C.  This  combination  of  board  and  RTV  adhesive  provided  a  sealed,  insulating 
pocket  of  air  0.635  cm  thick  between  the  back  side  of  the  heaters  and  the  insulation.  Etched  foil 
guard  heaters,  similar  in  type  to,  but  of  a  thicker  and  more  rugged  construction  than  the  tunnel  wall 
heaters,  30.48  cm  in  streamwise  width  and  equal  in  spanwise  width  to  the  heated  plate,  were 
affixed  to  this  insulation  with  another  layer  of  RTV  Silicon  rubber  adhesive  and  similarly  insulated 
at  the  rear  with  a  second  1.27-cm-layer  of  Calcium  Silicate  board. 

The  tunnel  wall  heaters  were  powered  by  four  Hewlett-Packard  SCR-10  series,  model 
6479C,  option  003,  lOkW,  DC  Power  Supplies.  The  guard  heaters  were  powered  by  a  STACO, 
type  3PN2210,  3kW  Variac. 

The  heated  wall  segments  were  attached  to  the  tunnel  frame  between  the  two  Unistrut 
members  of  one  side  so  that  they  rested  against  the  tops  of  the  two  clear  Lexan  walls.  They  were 
bolted  to  height  adjustors  on  the  tunnel  frame  via  1/4-20  Helicoil  inserts  set  1.27  cm  into  the  plates 
5.08  cm  from  either  end.  The  height  adjustors  were  1.27-cm  by  1.27-cm  by  2.22-cm  steel  blocks 
attached  to  the  Unistrut  members  with  spring  loaded  bolts,  which  allowed  them  to  be  raised  and 
lowered  so  as  to  vary  the  tunnel  wall  angle  (see  Figure  4.2). 

Large  shear  on  the  epoxy  joints  during  wall  angle  adjustment  caused  a  hairline  fracture  in 
one  joint  which  necessitated  a  design  change  and  clamping  of  the  joints.  Due  to  warping  of  the 
Unistrut  members,  the  bolts  passing  through  the  steel  blocks  into  the  Helicoil  inserts  in  the  plates 
were  subjected  to  extremely  high  moments.  In  one  test  plate,  this  caused  a  hairline  fracture  in  one 
of  the  epoxy  joints  during  wall  angle  adjustment.  For  this  reason,  only  the  plates  without  epoxy 
joints  were  secured  to  the  tunnel  frame  and  adjusted  in  this  manner.  To  clamp  the  fractured  joint 
back  together  and  strengthen  the  other  joints,  small  U-brackets  were  precisely  machined  to  slip 
onto  the  edges  of  the  plate  at  the  joints,  thus  effectively  clamping  the  joint  and  preventing  any  shear 
force  from  acting  on  it.  The  brackets  were  sized  so  as  not  to  extend  into  the  flow.  After  the 
fractured  joint  had  been  clamped,  the  largest  discontinuity  at  the  fracture  was  less  than  5  percent  of 
the  riblet  height  (i.e.,  less  than  20  microns),  almost  undetectable,  and  so  it  is  assumed  the  fracture 
effect  on  the  flow  was  at  least  an  order  of  magnitude  smaller  than  the  effect  under  scrutiny.  To 
allow  attachment  of  the  two  test  plates  to  the  tunnel  frame  at  the  correct  angle,  four  spacers  were 
machined  from  strips  of  PVC  into  wedges,  shaped  at  an  angle  equal  to  the  desired  wall  angle  for  a 
test  speed  of  10  m/s,  for  placement  between  the  test  plates  and  the  Lexan  walls.  The  two  test  plates 
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were  then  clamped  tightly  into  place  against  these  spacers  with  two  large  C  clamps.  Because  of '  o 
great  amount  of  time  needed  to  make  these  adjustments,  the  tunnel  walls  were  set  at  only  one 
angle,  0.0054  rad  ±  1 .5  percent,  with  the  use  of  an  inside  micrometer,  and  the  design  feature  of 
variable  streamwise  test  segment  positioning  was  discarded. 

The  single  tunnel  configuration,  shown  in  Figure  4.1  was  thus  pretest  segment,  followeil 
by  the  test  segment  with  a  midpoint  of  1.0676  m,  in  turn  followed  by  the  two  spacer  segments. 
Airtight,  flush,  butt  seals  at  the  segment  joints  were  formed  with  tighdy  compressed  Silicon  rubber 
tape  by  carefully  aligning  the  plates  using  a  straight  edge  and  visual  sightings.  The  ribleted  test 
plate  was  aligned  with  the  tops  of  the  riblets  flush  with  the  surface  of  the  upstream  pretest  plate. 

The  misalignment  of  the  tunnel  from  the  true  center  line  of  the  contraction  was  less  than 
0.0035  rad.  The  effect  of  this  upon  the  flow  field,  as  may  be  approximately  calculated  from  the 
solutions  for  flow  in  divergent  and  convergent  channels,  was  several  orders  of  magnitude  less  than 
the  effects  being  measured  and  so  assumed  to  be  zero. 

4.2.  Instrumentation  and  Data  Acquisition 

A.  Temperature  Sensor  Apparatus.  Ambient  temperature  was  measured  with  four 
liquid-in-glass,  partial  immersion,  mercury  thermometers,  two  of  which  were  0.1°C  gradation, 

0°C  to  100°C  range  and  two  of  which  were  0.2°C  gradation,  0°C  to  2(X)°C  range.  The 
thermometers  were  suspended  via  1.27 -cm  wide.  Styrofoam-insulated,  thermometer  clamps  and 
shielded  from  radiation  and  convection  heat  loss  with  cylindrical  shields,  20  cm  in  length  and  7  cm 
in  diameter,  constructed  of  1 .5-mm  Aluminum  sheeting.  Readings  were  taken  using 
thermometer-attachable,  magnifying  eyepieces.  The  thermometers  v  ere  readable  to  at  least  half 
their  gradation  spacing. 

Test  plate  temperature  was  measured  with  140  Omega,  type  F3105,  thin-film,  platinum, 
resistance  temperature  detectors  (RTD's).  Each  sensor,  a  description  of  which  may  be  found  in 
Anon.  (1988a),  was  comprised  of  a  single- winding,  platinum  substrate,  0.1  mm  by  1.75  mm  by  2 
mm  in  size,  encased  in  a  2-mm  by  2.3-mm  by  1-mm  ceramic  block,  shown  in  Figure  4.6,  Thin 
Film  RTD.  The  leads  consisted  of  two  2  mm  lengths  of  strain-relieved  silver-palladium 
protruding  from  the  ceramic  block  onto  each  of  which  which  were  soldered,  with  the  use  of  a 
stereoscopic  microscope,  two  0.5  m  lengths  of  color-coded.  Teflon-coated,  36-gage,  7/44  strandt  .1, 
silver-plated  copper  wires.  Each  of  these  four-wire  sensors  was  potted  in  9.91-mm-long,  3.23- 
mm-diameter  cylinders  of  Eccobond  285  epoxy  with  the  ceramic  block  positioned  flat  at  the 
bottom,  as  shown  in  Figure  4.7,  RTD  in  Epoxy  Plug.  The  material  properties  of  the  epoxy  used 
in  the  plugs,  as  given  in  Anon.  (1985),  were:  k  =  1.507  J/m-s-°C,  and  a  =  2.9  x  10-5  m/m/°C. 
After  calibration,  they  were  epoxied  into  the  metal  tunnel  walls,  with  the  same  epoxy  used  to  form 
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the  cylinders,  in  holes  10. 16  cm  deep,  with  a  diameter  of  3.45  mm,  machined  with  precision,  flat 
bottom  reamers. 

Some  difficulties  occurred  during  the  potting  of  the  cylinders  in  the  pretest  section, 
probably  due  to  some  reamer  wear,  and  several  RTD's  were  destroyed.  The  rest  of  the  RTD's  read 
the  same  temperature  to  within  their  accuracy  with  the  wind  tunnel  running  but  the  heaters  off,  so 
that  it  seems  reasonable  to  assume  that  the  RTD's  which  were  not  destroyed  were  not  adversely 
affected. 

The  four  36-gage  leads  running  from  the  RTD's  were  twined  tightly  and  then  attached  to 
the  back  of  the  metal  plates  with  Teflon  tape  in  a  symmetric  pattern  so  as  to  allow  easy  gluing  of 
the  heaters  over  them.  These  leads  were  in  turn  soldered  to  6  m  of  20-gage,  20-twisted-pair,  flat- 
ribbon,  wire  cable  at  micro-solder  terminal  strips.  The  terminal  strips  were  bonded  inside  an 
Aluminum  box,  5  cm  by  8  cm  by  4  cm  in  size,  with  wire  strain-relief.  The  6-m  lengths  of  flat- 
ribbon  wire  cable  were  joined  through  strain  relief  ribbon  connectors  to  30-cm  lengths  of  similar 
cable,  in  turn  linked  to  the  screw-post  terminal  strips  in  the  front  end  data  acquisition  four-wire 
input  connector. 

The  RTD’s  were  read  through  the  Fluke  Helios  I  system  front  end  via  serial  port  by  a  16 
MHz,  NEC  Powermate  SX  brand,  AT-type,  personal  computer  mnning  Labtech  Notebook  under 
the  DOS  operating  system.  The  front  end  system  consisted  of  the  main  Helios  I  chassis  and  an 
extendor  chassis  both  containing  A/D  boards.  The  main  chassis  contained  five  pairs  of  20-channel 
RTD/Resistance  Four-wire  Connectors  and  High  Performance  Scanners.  The  extendor  chassis 
contained  two  pairs  of  20-channel  RTD/Resistance  four- wire  Connectors  and  High  Performance 
Scanners  and  one  pair  each  of  a  20-channel  Voltage  Input  Connector  and  Scanner  and  a  20-channel 
Current  Input  Connector  and  Scanner.  During  calibration,  the  four  wire  scanners  were  used  to 
read  the  resistance  of  the  RTD's.  Given  the  calibration  curve  constants,  the  data  acquisition 
program  calculated  temperature  directly  from  resistance,  using  a  Newton-type  algorithm  to  solve 
the  Callendar-VanDusen  equation.  The  temperatures  were  output  directly  to  files  which  were 
ported  to  a  DEC  Vaxstation  II  for  analysis  using  the  FORTRAN  77  program  HEATCALC2. 

B.  Heater  Power  Sensor  Apparatus.  The  power  output  of  the  twenty  heaters  in  the  test 
segment  was  determined  by  directly  measuring  the  voltage  drop  across  each  of  the  heaters  (Vh) 
and  by  indirectly  measuring  the  current  via  the  voltage  measurement  across  shunt  resistors  (Vsh) 
with  known  resistances  as  shown  in  Figure  3.1 1.  The  20  channels  of  voltage  input  on  the  Helios  1 
were  used  to  read  the  voltage  drop  across  the  heaters  directly  by  connecting  a  set  of  two  3-m  leads 
from  the  front  end  in  parallel  with  each  heater.  The  20  channels  of  current  input  were  modified  to 
allow  the  measurement  of  large  currents.  The  shunt  resistors  originally  wired  into  the  current  ini'nt 
connector  were  removed.  Six-inch  lengths  of  Inconel  wire,  used  for  its  extremely  low  resistance 
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sensitivity  to  temperature,  were  connected  in  the  test  segment  interface  boxes  in  series  with  each 
heater  and  a  set  of  two  3-m  leads  were  then  connected  to  the  front  end  in  parallel  with  each  of  these 
new  shunt  resistors.  Four-wire  resistance  measurements  of  the  new  shunt  resistors  over  the  range 
of  test  currents  showed  no  detectable  change  due  to  temperature  effects.  Their  resistances  are 
shown  in  Table  4.3. 

C.  Velocity  Sensor  Apparatus.  Dynamic  head  of  the  freestream  flow  was  measured 
directly  using  four  United  Sensor,  type  PAA-12-KL,  pitot-static  probes,  constructed  of  3.175-nim 
diameter  stainless  steel  tubing,  with  a  flow-angle  variation  insensitive,  manifolded,  triple  static  hole 
arrangement.  The  probe  tips  were  positioned  in  the  center  of  the  tunnel  cross  section.  These 
probes  were  connected  via  3. 175  mm  inner  diameter,  6.35  mm  outer  diameter,  color  coded, 
rubber,  ribbon  tubing  to  a  set  of  pressure  valves.  The  pressure  valves  were  used  to  control  the 
probe  or  probes  of  origin  of  the  total  and  static  pressures.  From  the  valves,  both  a  total  pressure 
and  a  static  pressure  line  of  6.35  mm  diameter,  plastic  hose  led  61  m  to  a  MKS  Barotron,  type  1 0 
CD- 100,  differential  pressure  transducer.  The  transducer  was  read  on  a  Graphon,  type  GO-230 
VDT,  over  a  DEC  Vaxstation  II,  running  the  VMS  operating  system,  using  the  FORTRAN  77 
subroutine  BARATN  written  by  Philip  Lavrich  and  the  FORTRAN  77  program  READPRESS.^. 
with  a  type  170M-6C  MKS  Barotron  Signal  Conditioner  and  type  170M-27C  Digital  Readout, 
accurate  to  ±  0.08  percent.  Dynamic  head  was  convened  to  velocity  using  values  of  atmospherii. 
density  calculated  from  ambient  pressure  read  with  a  Setra  model  370  digital  pressure  gage 
accurate  to  20  Pa  and  ambient  temperature  read  with  the  mercury  thermometers  described  above. 

Boundary  layer  velocity  was  determined  from  the  total  pressure  measured  with  a  custom 
built,  total  pressure,  boundary  layer  probe,  shown  in  Figure  4.8,  Boundary  Layer  Probe,  and  the 
static  pressure  from  the  pitot-static  probe  in  the  center  of  the  test  segment  with  a  similar  method  as 
for  the  freestream  velocity.  The  boundary  layer  probe  was  positioned  using  a  three  degree  of 
freedom  vernier  slide  apparatus  constructed  from  a  single  degree  of  freedom  25.4  cm  vernier  slide 
and  a  2-degrees  of  freedom  5-cm  and  3-cm  vernier  positioning  apparatus.  This  apparatus  could  be 
bolted  to  the  tunnel  frame  at  various  positions  to  allow  appropriate  positioning  of  the  probe. 

Freestream  turbulence  levels  were  measured  with  a  TSI,  model  1213-20,  hot  wire  probe 
via  a  Dantec,  type  56C17,  CTA  Bridge  and  type  56C01  Mainframe  both  graphically  and 
numerically.  Graphical  readings  were  taken  visually  using  a  Tektronix,  type  555,  Dual  Beam 
Oscillo.scope  while  numerical  readings  were  performed  using  the  NEC  PC  described  above 
running  ILS,  with  a  Data  Translation,  type  DT2821,  20  channel,  A/D  board. 

D.  Sensor  Calibration  Summary.  A  relative  accuracy  was  assumed  for  the  mercury 
thermometers  based  on  their  tracking  during  temperature  cycling.  Three  of  the  four  mercury 
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thermometers  had  been  used  in  previous  Gas  Turbine  Lab  research  and  found  to  track  accurately  to 
within  the  limits  of  their  readability.  The  new  mercury  thermometer  purchased  for  this  research  as 
well  as  the  three  old  ones  performed  in  the  same  manner  in  tests.  Therefore,  the  relative  accurat  . 
the  closeness  of  the  difference  in  readings  between  two  of  the  thermometers  to  their  actual 
difference  in  temperature,  was  assumed  to  be  equal  to  their  readability,  though  the  absolute 
accuracy,  the  closeness  of  the  reading  of  any  one  of  the  thermometers  to  the  International  Practii  .il 
Temperature  Scale  of  1968  (IPTS-68)  defined  temperature  at  the  thermodynamic  state  of  that 
thermometer,  is  certainly  much  lower.  Since  the  primary  source  of  temperature  error  in  the 
present  research  originates  in  temperature  differential  terms,  for  which  absolute  accuracy  is  not 
essential,  this  was  deemed  acceptable.  That  the  thermometers  would  read  approximately  zero 
degrees  when  immersed  in  an  ice  bath  was  verified,  but  due  to  constraints  on  time  and  money  no 
attempt  at  rigorous,  triple-pioint  calibration  was  made. 

The  RTD's  were  calibrated  from  measurements  made  during  two  temperature  cycles  using 
a  nonlinear  least  squares  fit  of  the  data  to  the  Callendar-VanDusen  equation.  The  RTD  temperature 
cycling  measurements  were  performed  by  sampling  sensor  resistance  during  cycling  from  room 
temperature  to  100°C  in  a  heated,  insulated,  mixed,  calibration  bath  of  Fluorinert  fluid,  with  the 
four  mercury  thermometers,  evenly  spaced  throughout  the  bath  to  assure  temperature  uniformit  y . 
as  the  reference  temperature.  A  nonlinear  least  squares  subroutine  was  used  to  find  the  coefficients 
of  the  Callander- VanDusen  equation,  the  standard  equation  used  to  relate  temperature  and 
resistance  for  platinum  RTD's,  from  the  calibration  data.  A  first  calibration  of  the  RTD’s  was 
performed  and  analyzed.  The  RTD's  were  then  subjected  to  temperature  cycling,  ten  sets  of  3 
hours  at  room  temperature  and  3  hours  at  lOOX,  roughly  estimated  to  be  equivalent  to  that  of  the 
actual  testing.  A  second  calibration  was  then  performed  to  ascertain  the  stability  of  the  sensors. 

The  error  due  to  this  instability  was  incorporated  into  the  second  calibration.  A  third  calibration 
had  been  planned  after  testing  was  complete  but  was  prevented  from  being  performed  by  time 
constraints. 

The  calibration  results  showed  a  combined  statistical  and  experimental  RTD  calibration 
error  of  slightly  under  0.1  °C  and  good  statistical  agreement  of  the  data  with  the  calibration 
equation.  A  typical  RTD  calibration  curve  is  shown  in  Figure  4.9,  Calibration  Curve  for  RTD  #  1 . 
Over  the  range,  the  data  show  no  hysterisis,  little  scatter,  strong  repeatability,  and  good  agreemem 
with  the  calibration  curve.  The  distribution  of  the  total,  maximum,  combined  statistical  and 
experimental,  RTD  error  is  shown  in  Figure  4.10,  Distribution  of  RTD  Error.  The  average  error 
was  0.09°C,  within  the  desired  range  of  0. 1°C.  The  distribution  of  the  reduced  chi-squared 
statistic,  often  referred  to  as  the  “goodness-of-fit”  statistic,  for  the  second,  nonlinear,  least  squares 
fit  is  shown  in  Figure  4. 1 1 ,  Distribution  of  RTD  Chi-squared.  More  than  96  percent  of  the  RTl )  s 
had  a  reduced  chi-squared  under  one,  the  value  which  is  usually  taken  as  the  benchmark  near  or 
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below  which  a  fit  is  considered  statistically  reasonable.  Approximately  77  percent  of  the  RTD's 
had  both  total  error  under  0.1°C  and  reduced  chi-squared  less  than  0.616,  the  value  for  which  th-  ic 
exists  a  95  percent  probability  that  a  random  sample  will  have  as  large  or  larger  chi-squared.  Fu  1 1 
details  of  the  calibration  procedure  and  results  are  given  in  Appendix  B. 

Although  no  rigorous  calibration  of  the  other  data  acquisition  equipment  was  performed, 
every  factory  calibration  was  thoroughly  checked  for  accuracy.  The  four- wire  resistance  channels 
of  the  Helios  I  were  checked  against  those  of  a  Fluke  8520A  Digital  multimeter.  The  voltage  an>  I 
current  channels  of  the  Helios  I  and  the  Data  Translation  A/D  board  were  checked  with  a  high 
precision  voltage  calibrator.  All  electrical  inputs  were  checked  with  an  oscilloscope  to  ensure  the 
absence  of  significant,  electrical  noise.  The  Setra  atmospheric  pressure  gage  was  validated  with 
Logan  airport  pressure  data.  The  dynamic  head  measurement  apparatus  was  checked  for  leaks  1\\ 
being  overpressurized.  The  accuracy  of  the  Barotron  both  with  and  without  the  200  ft  of  pressin  c 
tubing  was  checked  with  an  inclined  manometer.  All  of  these  were  found  to  be  within 
specifications. 


Heat  transfer  was  determined  through  direct  measurement  of  heater  power  at 
approximately  constant  wall  temperature,  which  was  then  adjusted  to  account  fw  side,  back,  and 
radiative  loss,  as  well  as  for  the  minor  variations  in  upstream  wall  temperature. 

At  the  beginning  of  each  test  run,  the  heaters  were  turned  on  at  close  to  maximum  voltage 
to  bring  the  tunnel  walls  up  to  temperature.  Usually,  for  this,  half  an  hour  was  sufficient.  When 
the  tunnel  walls  were  within  5°C  of  the  nominal  operating  temperature,  the  wind  tunnel  was  turned 
on  and  adjusted  to  test  speed.  Real-time  temperature  displays  of  several  of  the  RTD's  in  each 
segment  were  displayed  and  used  to  make  the  gross  adjustments  to  the  voltage  controls  on  the  four 
main  power  supplies  and  the  back  heaters  Variac.  An  iterative  procedure  of  fine  tuning  the 
temperature  in  each  of  the  segments  on  each  tunnel  wall  was  performed  by  slowly  adjusting  the 
rheostats  in  the  heater  control  circuitry  using  real-time  temperature  displays  from  the  particular 
segment.  Usually  five  sets  of  iterations  over  a  period  of  approximately  3  hours  were  sufficient  to 
bring  the  temperature  of  each  of  the  tunnel  walls  to  ±fi.5°C.  An  iterative,  fine  adjustment 
procedure  was  then  performed  on  each  of  the  two  pretest  and  two  test  segments  individually. 

After  some  initial  trial  and  error  with  the  most  efficient  temperature  displays  and  rheostat 
adjustment  techniques,  this  procedure  was  sufficiently  refined  so  as  to  make  it  possible  to  bring 
test  plate  temperatures  on  both  sides  to  within  the  accuracy  of  the  RTD's,  approximately  0.1  °C, 
over  a  time  period  of  1  to  3  hours,  for  tunnel  speeds  greater  than  9  m/s  and  less  than  20  m/s. 
During  this  lengthy  period  of  heater  voltage  adjustment,  ambient  temperature  in  the  test  cell  was 
held  constant  to  within  0.1  °C  by  constant  manual  adjustment  of  an  air  conditioner  and  two  heaters. 
Temperature  gradients  within  the  test  cell  were  minimized  with  use  four  high-power  fans. 

Once  the  temperatures  of  both  walls  were  within  the  desired  range,  test  data  consisting  of 
30  samples,  at  a  sampling  rate  of  0.05  Hz,  of  the  temperature  of  each  of  the  140  RTD's,  the  voltage 
drop  across  each  of  the  20  test  segment  heaters,  and  the  voltage  drop  across  each  of  the  20  shunt 
resistors  in  series  with  the  test  heaters,  were  taken.  Simultaneously,  the  ambient  temperature  and 
pressure  were  measured  and  30  samples  of  freestream  dynamic  head  in  the  test  segment  were 
taken  at  a  sampling  rate  of  2  Hz.  This  body  of  data  was  reduced  to  heat  transfer  results  using  the 
Fortran  77  program  HEATCALC2,  listed  in  Appendix  B. 

5.2.  Drag  Measurement 

E)rag  measurements  were  based  on  velocity  profiles  taken  immediately  fore  and  aft  of  the 
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test  sections  of  both  sides.  After  the  tunnel  had  been  adjusted  to  the  desired  test  speed,  the 
boundary  layer  probe  and  probe  positioning  apparatus  were  attached  to  the  tunnel  at  the  appropri.ite 
spot.  The  dynamic  head  of  positions  in  the  boundary  layer  was  measured  using  the  boundary 
layer  probe  total  pressure  and  the  static  pressure  measurement  from  the  pitot-static  probe  at  the 
center  of  the  test  segment.  The  probe  was  visually  zeroed  against  the  tunnel  wall  and  manually 
adjusted  to  each  new  measurement  position.  Each  measurement  consisted  of  30  samples  of 
dynamic  head  readings  taken  and  converted  to  velocity  with  the  Fortran  77  program 
READPRESS2.  Ambient  properties  were  measured  and  maintained  in  the  same  manner,  as 
described  above  in  Section  5. 1 ,  as  for  the  heat  transfer  measurement. 
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6.  SUMMARY  OF  DATA  ANALYSIS  AND  RESULTS 


6.1  Skin  Friction  Analysis 

A.  Introduction.  The  coefficient  of  skin  friction  fore  and  aft  of  both  the  ribleted  and  flat 
test  plates  was  measured  by  performing  a  nonlinear,  least  squares  fit  of  the  log  law  to  mean 
boundary  layer  velocity  profiles  measured  at  these  points.  Essentially,  the  technique  is  a  numerical 
implementation  of  the  Clauser  plot  graphical  method.  Coefficient  of  drag  was  calculated  by 
integrating  coefficient  of  skin  friction  across  the  test  sections. 

B.  Background.  A  correlation  method  for  calculating  coefficient  of  skin  friction  from 
mean  velocity  profiles  was  chosen  as  the  most  appropriate  for  this  experiment  of  the  various  ways 
available.  The  methods  of  measuring  coefficient  of  friction,  the  non-dimensionalized  wall  shear 
stress,  fall  into  two  categories:  direct  and  indirect.  The  direct  methods  involve  some  form  of 
floating  element  sensor  and  so  are  not  practical  for  simultaneous  drag-heat  transfer  measurements 
on  the  same  surface.  The  indirect  methods  are  comprised  of  momentum  balance  and  correlation 
methods.  The  momentum  balance  methods  include  the  measurement  of  pressure  drop  over  a 
constant  area  duct  and  the  use  of  the  von  Kdrm^n  integral  momenmm  theorem  to  relate 
momentum  thickness  to  shear.  In  this  case,  the  first  method  is  inapplicable  because  it  requires 
fully  developed  pipe  flow.  The  second  method  was  discarded  because  of  its  inaccuracy,  based 
both  on  an  error  analysis  of  the  integral  momentum  equation  itself  as  well  as  on  evidence  cited  in 
Haritonidis  (1989)  and  in  the  riblet  studies  Hooshmand  et  al.  (1983),  Walsh  and  Lindemann 
(1984),  and  Gallagher  and  Thomas  (1984).  Correlation  methods  include  the  Preston  and  Stanton 
tubes,  the  Clauser  plot,  and  Reynolds  number  type  correlations.  Both  the  Preston  and  Stanton 
tubes  are  infeasible  for  use  over  riblets  and  so  were  not  considered.  Reynolds  number  type 
correlations  such  as  equations  2.45  and  2.56  are  only  valid  over  a  flat  plate  and  so  only  useful  for 
corroboration.  The  Clauser  plot  method,  so  called  for  the  graphical  technique  employed  in  it,  is 
based  on  the  log  law.  The  standard  method  involves  iterating  for  Ut  until  u+  falls  on  the  line  given 
by  equation  2.21.  On  log  paper,  this  is  just  a  straight  line.  Of  the  various  methods,  this  approach 
was  chosen  as  the  easiest  and  the  most  accurate,  under  the  circumstances. 

However,  as  mentioned  in  Coles  and  Hirst  (1969),  the  Clauser  plot  method  requires  a 
rather  subjective  choice  of  what  percent  of  the  boundary  layer  is  used  to  make  the  fit,  since  the 
region  of  accuracy  of  the  log  law  is  not  known  a  priori.  More  of  the  profile  data  may  be  used,  so 
avoiding  this  problem,  if  the  wake  law  is  incorporated  into  the  fitting.  Coles  and  Hirst  determined 
that,  if  the  wake  law  were  used,  the  data  in  the  section  of  the  boundary  layer  for  y/5  between  0. 1 
and  0.9  resulted  in  values  of  skin  friction  that  had  good  correlation  with  those  predicted  by  theory. 
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For  this  reason,  the  wake  law  rather  than  the  log  law  was  used  to  correlate  data  from  the  center 
80%  of  the  boundary  layer  with  a  value  of  skin  friction. 

The  wake  law,  equation  2.25,  may  be  rewritten  by  making  use  of  definition  2.14  as: 


—  =  . {  -In Re  +iln  +B+  — sin^{  }. 


(6.1) 


Three  approaches  may  be  taken  in  using  this  equation  to  determine  Cf  by  correlation  with  the 
velocity  profile  data:  solving  it  numerically  at  8;  performing  a  nonlinear,  least  squares  fit  of  it  to 
the  selected  data  with  Cf  as  the  coefficient  of  the  fit;  and,  performing  a  nonlinear,  least  squares  fit 
with  both  5  and  Cf  as  coefficients. 


C.  Skin  Friction  Calculation  Methodology.  The  three  methods  of  using  equation  6. 1  to 
determine  Cf  were  evaluated  via  a  Monte  Carlo  type  analysis,  with  the  result  that  the  third  method 
was  found  to  be  the  most  accurate  and  robust.  Monte  Carlo-analysis,  one  discussion  of  which 
may  be  found  in  Press  et  al.  (1986),  is  the  analysis  of  simulated  input  data,  usually  with  some 
amount  of  simulated  error  generated  by  a  computer  according  to  a  predetermined  distribution,  so 
as  to  gage  the  ability  of  the  analytical  methodology  to  reproduce  the  parameters  used  to  generate 
the  input  data. 

First,  equation  6. 1  may  be  evaluated  at  8  and  solved  with  a  simple  Newton  root  finder  by 
rewriting  it  in  the  form: 


u  ( y  =  8) 


(6.2) 


This  method  is  referred  to  by  the  author,  somewhat  incorrectly  but  for  convenience  sake,  as  Coles- 
Hirst  method  number  one  (C-Hl).  Unfortunately,  this  is  subject  to  the  inaccuracies  of  determining 
8,  the  standard  technique  of  which  is  linear  interpolation.  Since  the  slope  of  the  velocity  profile  in 
this  region  is  very  large,  this  inaccuracy  is  quite  high. 

An  attempt  was  made  to  use  an  alternate  method  of  determining  8  but  was  halted  by 
problems  with  the  nonlinear  iteration  needed  to  perform  it.  Researchers  such  as  Reynolds  et  al. 
(1958)  have  made  the  observation  that  if  a  least  squares  fit  of  the  power  function: 


--C-) 

8 

is  performed,  then  via  equation  2.32: 
8  =  ^^. 


(6.3) 


(6.4) 
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This  has  a  .r>uch  sounder  basis  than  interpolation  because  it  uses  information  from  the  whole 
boundary  layer  instead  of  just  two  points.  However,  some  peculiarities  inherent  in  this  technique 
were  noted.  The  peculiarities  were  first  observed  when  it  became  evident  that  the  two  techniques 
would  sometimes  give  predictions  for  5  differing  by  significant  percentages.  It  was  felt  that  this 
could  be  due  to  the  inaccuracy  of  the  initial  value  calculated  by  inteqxrlation,  so  that  to  refine  the 
results,  iteration  was  introduced.  With  iteration,  the  problem  is  essentially  the  minimization  of  a 
nonlinear  function  in  one  dimension,  the  solution  of  which  is  path  dependent.  An  attempt  was 
made  to  apply  the  Levenberg-Marquardt  nonlinear  least  squares  solution  methodology  outlined  in 
Marquardt  (1963)  as  implemented  in  the  Fortran  code  of  Bevington  (1969)  and  Press  et  al.  (1986). 
Unfortunately,  this  was  unsuccessful  due  to  time  constraints.  Trial  and  error  on  the  experimental 
profiles  were  used  to  find  a  simple  technique  and  tolerance  that  produced  reasonable  answers. 
However,  when  profiles  artificially  generated  from  the  wake  law  with  varying  percentages  of 
random  perturbations  were  analyzed  with  the  program,  linear  interpolation  was  found  to  be  a  more 
reliable  predictor  in  about  70  percent  of  the  cases.  Most  likely,  this  was  due  to  the  author’s 
particular  methodology  which  time  constraints  prevented  being  improved.  For  this  reason,  the 
results  of  this  method  are  not  treated  in  any  depth  and  not  used  in  the  estimation  of  Ci. 

The  accuracy  in  Cf  calculated  by  C-Hl  is  thus  limited  to  the  accuracy  of  the  interpolation 
for  5.  Its  worth  lies  mostly  as  an  indicator  of  the  accuracy  of  the  interpolated  5,  i.e.,  when  Cf 
calculated  in  this  manner  is  close  to  Cf  calculated  by  the  more  reliable  methods  then  the  value  of 
the  interpolated  5  itself  may  be  regarded  as  fairly  reliable. 

The  second  method  is  a  nonlinear  least  squares  fit  of  equation  6.1  with  the  single 
coefficient  Cf,  denoted  as  method  C-H2.  The  third  method  adds  the  extra  coefficient  H  and  is 
denoted  as  method  C-H3.  After  some  evaluations,  the  latter  method  was  chosen  as  the  most 
accurate  for  four  reasons.  The  first  is  that  even  though  the  tunnel  was  designed  for  zero  pressure 
gradient,  in  general  some  finite  pressure  gradients,  albeit  very  tiny  ones,  did  exist  in  the  test 
segment  due  to  the  discarding  of  the  variable  wall  angle  design  feature  and  the  limitations  of  wall 
adjustment.  The  former  method  is  unable  to  account  for  this.  Second,  variation  in  the  extra 
coefficient  allows  adjustment  of  the  wake  law  function  to  fit  the  aggregate  of  data  in  cases  where 
the  value  of  interpolated  6  is  inaccurate.  Third,  it  was  found  to  be  a  more  reliable  predictor 
approximately  75  percent  of  the  time  when  used  to  analyze  wake  law  generated  profiles  with 
random  pjerturbations  in  a  Monte  Carlo-typ)e  analysis.  Fourth,  it  was  found  to  be  more  accurate  in 
100  percent  of  the  analyses  of  wake  law  generated  profiles  with  no  random  p)erturbations, 
especially  as  the  number  of  generated  sample  points  decreased.  Indeed,  fairly  extensive  Monte 
Carlo  testing  of  the  VPFIT?  program  with  wake  law  generated  profiles  indicated  that  this  latter 
method  was  accurate  on  average  to  within  3  percent  for  random  perturbations  in  velocity  as  large 
as  1 5  percent  and  to  within  0.25  percent  for  p)erturbations  less  than  2  p)ercent.  For  no  p)erturbations. 
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it  was  accurate  to  within  0.01  percent  for  numbers  of  generated  sample  points  as  low  as  8. 


D.  Calculating  Drag  from  Skin  Friction.  Two  approaches  were  taken  in  determining 
the  Q  from  Q.  The  first  of  these  was  simple  integration  using  the  trapezoidal  approximation.  The 
second  was  integration  using  some  assumed  function.  While  the  trapezoidal  method  is  less 
sensitive  to  error  propagation,  it  tends  to  overestimate  drag.  Calculations  with  the  the  assumed 
function  method  indicated  that  this  overestimation  was  negligible. 

Considering  two-dimensional  flow,  the  drag  per  spanwise  length  s  is; 


Nondimensionally  this  is: 


^D-  1 


-pU^  (x^-xj) 


X2-Xj 


-fT^dx  =  — l-fc,, 

,  J  1  ,,2  X,  -  X  J  ‘ 

lx,-pU  2  1, 


Therefore,  the  ratio  of  coefficient  of  drag  of  the  ribleted  plate  to  that  of  the  flat  plate  is: 


^  =  fc,dx/ fc,  dx, 

%  I 


where  the  subscript  FP  denotes  the  flat  plate  value,  because  xi  and  X2  are  the  same  for  the  ribleted 
plate  as  for  the  flat  plate.  The  integral  of  skin  friction  must  be  calculated  numerically  from  the  the 
measurements  fore  and  aft  of  each  of  the  two  test  sections. 

The  first  method  used  to  calculate  this  integral  was  a  simple  trapezoidal  approximation: 


Jc,dx  =  (x,-x,)(C,,  .fC,^^)/2. 


In  essence,  this  method  is  really  just  the  use  of  a  straight  line  fitted  between  the  two  points  to 

calculate  the  integral.  Since  it  is  known  that  the  variation  of  Cf  with  streamwise  distance  is  not 

linear,  some  inaccuracies  are  inherent  in  this  method. 

It  is  known  that: 

^  l/n 
C(.«  X 

(6.9) 

where  n  of  5,  as  in  equation  2.40,  is  usually  taken.  If  the  function: 
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X 


(6.10) 

is  assumed  to  describe  the  variation  of  Cf  with  streamwise  distance,  then  the  constants  a  and  b  c;in 
be  determined  from  ths.  two  measured  values  of  Cf.  Evaluating  equation  6.10  at  xj  and  X2  and 
solving  for  a  and  b  gives: 


ln(C^^  /Cf  J 
^  _  ‘•’^1  ‘<>^2 

In  (Xj/Xj) 

and: 


(6.11) 


a  =  C 


f.  X,  ''r 


With  these  constants,  the  integral  of  Cf  is  given  by: 


(6.12) 


J 


1-b  l.b 
U  -  X. 


}. 


(6.13) 

However,  although  this  method  avoids  the  overestimation  inherent  in  a  linear  approximation,  the 
error  propagation  due  to  the  methods  of  calculating  the  constants  overshadows  this.  Its  use  is 
restricted  to  a  double  check  on  the  trapezoidal  approximation.  The  results  indicated  that  the 
difference  between  the  two  methods  was  very  minor,  much  smaller  than  the  error  propagation 
through  either  equation. 


E.  Calculating  Riblet  Spacing  in  Wail  Units.  Local  s^  is  easily  calculated  via  equations 
2. 15  and  2. 1 1  once  Cf  is  known.  Since  Q  varies  quite  slowly  with  x,  s+  is  approximately  constant 
across  the  test  sections.  In  addition,  the  values  of  s+  on  the  ribleted  test  section  are  quite  close  to 
those  on  the  ribleted  test  section.  Thus,  if  we  are  interested  only  in  an  approximate  value  of  s+  to 
characterize  the  test  ’osults  at  a  particular  test  condition,  it  is  quite  reasonable  to  take  the  average  of 
the  four  s'^'s  calculated  with  the  four  Cf's. 

To  extend  this  to  a  function  of  s+  versus  Reynolds  number  for  the  purpose  of  calculating  s+ 
for  the  St  measurements,  a  least  squares  fit  of  equation  6.10  can  be  made  to  the  riblet  skin  friction 
data. 


F.  Comparing  Flat  Plate  and  Ribleted  Drag  Results.  Both  the  standard  format  of 
presentation  of  riblet  research  data  and  a  more  exact  but  less  frequently  used  format  are  useful  in 
illuminating  different  aspects  of  the  results.  The  ratio  of  the  drag  of  the  ribleted  plate  to  the  drag  of 


the  flat  plate,  or  one  minus  this  amount  which  gives  the  percent  reduction,  as  a  function  of  riblet 
spacing  in  wall  units,  is  the  most  commonly  used  format  to  present  riblet  test  results.  This  format 
is  the  most  common  because  it  succinctly  presents  the  bottom  line:  the  amount  of  drag  reduction 
and  how  this  varies  with  s+.  However,  since  the  amount  of  total  drag  reduction  is  a  function  of 
total  streamwise  length  of  the  ribleted  section,  albeit  very  weakly,  in  addition  to  s+,  this  method  has 
the  potential  for  inaccuracy.  Furthermore,  s^  is  not  constant  but  a  function  of  streamwise  distance, 
since  Cf  varies  with  streamwise  distance.  In  addition,  some  researchers  have  suggested  that  the 
effect  of  riblets  on  skin  friction  at  a  position  is  also  a  function  of  the  distance  from  the  leading  edge 
of  the  riblets  to  that  position  as  well  as  the  distance  from  the  leading  edge  of  the  boundary  layer. 
Although  the  inaccuracies  seem  to  be  an  order  of  magnitude  smaller  than  the  effect  of  riblets,  no 
conclusive  measurements  have  been  performed  to  support  this.  The  majority  of  these  inaccuracies 
may  be  avoided  by  comparing  riblet  and  flat  plate  drag  results  as  skin  friction  versus  Reynolds 
number.  Since  both  methods  illuminate  the  results  in  useful  ways,  both  are  used  to  present  them. 
The  same  holds  true  for  the  effects  on  heat  transfer. 

Nondimensional  values  of  friction  and  drag  are  used  in  the  momentum  transfer  analysis 
and  its  presentation  instead  of  the  dimensional  quantities  most  often  used  in  riblet  studies  so  as  to 
mirror  the  heat  transfer  calculations,  for  which  the  nondimensional  forms  of  the  transfer  are 
necessary.  In  most  riblet  studies,  the  most  common  format  of  presentation  shows  the  percent 
change  in  drag  due  to  riblets.  If  the  ribleted  and  flat  plate  test  sections  are  tested  in  the  same  flow, 
so  that  the  density  and  ffeestream  velocities  are  exactly  the  same  over  each  test  section,  then  the 
calculated  amount  of  percent  change  in  drag  or  skin  friction  will  be  identical  to  the  percent  change 
in  coefficient  of  drag  or  skin  friction.  However,  since  it  is  practically  impossible  to  attain  exactly 
the  same  wall  temperature  in  the  ribleted  and  flat  plate  test  sections,  the  same  will  not  be  true  of  the 
convective  wall  heat  flux  and  the  Stanton  number.  To  allow  meaningful  comparison  of  this  heat 
fluxes  of  the  two  test  sections,  non-dimensionalization  must  be  used.  To  mirror  this  process,  the 
momentum  transfer  calculations  are  performed  and  presented  in  similarly  nondimensional  form. 

6.2.  Heat  Transfer  Analysis 

A.  Introduction.  Stanton  number,  nondimensionalized  convective  heat  flux,  was 
calculated  from  direct  measurements  of  heater  heat  flux  and  adjusted  to  account  for  back,  side,  luid 
radiation  losses  and  wall  temperature  variation  based  on  an  energy  balance  of  the  test  sections. 
Interpolation,  extrapolation,  and  splines  were  used  to  calculate  the  temperature  in  the  pretest  plate  at 
three  spanwise  positions  at  the  streamwise  midpoint  of  each  heater  and  in  the  test  plate  at  four 
spanwise  positions.  The.se  temperatures  were  used  to  estimate  the  radiation  heat  loss  via  equation 
3.8,  the  side  losses  via  Fourier's  law  of  heat  conduction,  and  using  the  temperatures  at  the  back 
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guard  heaters,  the  back  losses  again  using  Fourier's  law.  These  values  were  then  used  to  calculate 
the  convective  turbulent  heat  flux  at  the  wall  with  equation  3.6.  Definition  2.29  was  used  to 
calculate  Stanton  number  from  this.  The  solution  for  the  effect  of  a  step  rise  in  temperature  on 
Stanton  number  was  used  to  correct  these  values  for  the  variation  in  upstream  wall  temperature. 

The  choice  of  the  method  of  measurement  was  a  design  decision  because  of  its  effect  on 
test  plate  configuration.  For  this  reason,  the  background  of  and  reasoning  behind  the  choice  are 
discussed  in  the  design  Sections  3.2.A.,  E.,  and  F. 


B.  Local  and  Integral  Stanton  Number.  The  heat  transfer  equivalents  of  local  skin 
friction  and  total  test  section  drag  can  be  calculated  from  the  calculated  values  of  convective  heat 
fluxes  from  the  test  sections  into  the  flow.  The  local  Stanton  number  is  the  nondimensionalized 
form  of  the  local,  convective  heat  flux  at  the  wall,  qw: 


St  =  . 


% 


(6.14) 

This  coefficient  is  analogous  to  the  local  skin  friction  coefficient.  A  similar  coefficient  analogous 
to  the  coefficient  of  drag  may  be  calculated  based  on  the  convective  heat  flux  over  the  entire  test 
section,  Qv^: 

Qw/A 


pu:c  cr^-T) 


(6.15) 


This  coefficient  may  be  thought  of  as  an  integral  form  of  the  Stanton  number.  In  addition,  for  the 
flat  plate  case  tested  in  this  research,  it  is  equivalent  to  the  average  Stanton  number  over  the  test 
sections.  These  local  and  total  convective  heat  fluxes  may  be  found  from  an  energy  balance  of  the 
test  sections. 


C.  Energy  Balance  of  the  Test  Sections.  The  convective  heat  transfer  at  the  tunnel  wall 
was  calculated  from  an  energy  balance  of  the  test  sections.  Both  an  overall  heat  flux,  analogous  to 
the  entire  test  section  drag,  and  the  heat  flux  of  each  heated  subsection  of  the  test  sections, 
analogous  to  the  local  skin  friction,  were  calculated. 

The  total  convective  heat  transfer  out  of  the  test  sections  was  calculated  by  considering 
them  as  control  volumes  and  performing  an  energy  balance.  The  Aluminum  plate  test  section  and 
the  test  section  heaters  were  taken  as  the  control  volume  on  which  the  energy  balance  was 
performed.  The  Aluminum  plate  test  section  of  each  of  the  test  plates,  both  the  flat  and  the 
ribleted,  was  the  8-in  by  7.06-in  rectangle,  0.5  in  thick,  in  the  center  of  the  Aluminum  test  plates 
(see  the  upper  left  of  Figure  3.5).  The  test  section  heaters  consisted  of  four  of  the  2-in  by  7-in 
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Kapton  heaters  and  the  adhesive  holding  them  to  the  rear  of  the  plate.  The  heat  flux  from  these 
heaters  was  treated  as  uniform  heat  generation  in  an  infinitesimally  thin  plane  located  on  the 
surface  of  the  heaters  closer  to  the  flow.  The  heat  transfer  out  of  this  control  volume  consisted  of: 

•  loss  out  of  the  sides,  through  the  strip  of  foam  epoxy  insulation  into  the  surrounding 
plate,  via  conduction,  noted  as  0$; 

•  loss  out  of  the  front,  into  the  flow,  via  forced  convection,  termed  Qw  locally  and  Qw  in 
total; 

•  loss  out  of  the  front,  into  the  flow,  via  radiation,  %;  and, 

•  loss  out  of  the  rear  into  the  insulation  via  conduction,  Qb- 

The  heater  heat  flux  was  calculated  from  heater  voltage  and  current.  The  conduction  losses  were 
calculated  via  Fourier's  law  of  heat  conduction  from  the  test  section  and  surrounding  plate  and 
insulation  temperatures  and  conductivities.  The  radiation  loss  was  calculated  from  Stefan- 
Boltzmann's  law  of  radiation.  This  balance  may  be  rephrased  in  equation  form  as: 

i*l  ^  i*l  ‘  i*l  *  *  * 

(6.16) 

where  Qhi  are  the  heater  flux  inputs,  Qsi  are  the  losses  out  of  the  sides  of  each  subsection,  qwi  and 
qn  are  the  convective  and  radiative  losses  out  of  the  front  of  each  subsection.  A;  are  the  subsection 
areas,  and  Qbi  are  the  back  losses  out  of  the  subsections. 

This  equation  may  be  solved  for  the  sum  of  qwi  times  Aj,  which  is  equal  to  Qw.  The  same 
energy  balance  may  be  done  for  each  subsection  of  the  two  test  sections  to  allow  solution  for  each 
qwi,  but  with  low  accuracy,  since  the  subsections  in  each  test  section  are  insulated  only  from  the 
surrounding  plate,  not  from  each  other.  Further  discussion  of  this  issue  may  be  found  in 
Appendix  D. 

D.  Heater  Heat  Flux  Calculation.  Heater  heat  fluxes  were  calculated  from  direct 
measurements  of  heater  voltage  drops,  Vhi,  and  indirect  measurements  of  heater  current,  Ih,.  The 
heater  currents  were  calculated  from  measurements  of  the  voltage  drops,  Vsh,,  across  the  shunt 
resistors,  of  known  resistance  Rshi,  in  series  with  the  heaters.  The  two  voltage  measurements  for 
each  heater  are  shown  in  Figure  3.7.  The  i-th  heater  heat  flux  is  thus: 

\h. 

=  Vu  I.  =  V.  I  =  V.  . 

h,  h;  h.  Sh,  hi  R 

Sh, 

(6.17) 

E.  Conduction  Loss  Estimation.  The  heat  losses  through  the  back  of  the  test  sections 
were  calculated  via  a  one-dimensional  solution  of  Fourier's  law  of  heat  conduction  through  three 
materials  from  test  plate  temperature  and  insulation  temperature  measurements.  Fourier's  law  of 
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heat  conduction,  as  treated  for  example  in  Aipaci  (1966),  relating  heat  flux  per  unit  area  and 
temperature: 


q  =  -k  VT, 


(6.18) 


where  k  is  thermal  conductivity,  can  be  solved  f(»’  the  case  of  one-dimensional  heat  transfer 
through  three  materials  a,  b,  and  c,  given  their  conductivities  and  the  temperature  before  material  a, 
Ti ,  and  after  material  c,  T4,  to  give: 


=  -k 


T  -T 
Vl-Vl 


(6.19) 


where: 


f, . 

K/(y,-y,)  Ki<-y,-y,)  ' 

is/tyj-yj) 

(6.20) 

y  is  length,  station  2  is  between  materials  a  and  b,  and  station  3  is  between  materials  b  and  c.  The 
total  conduction  heat  loss  may  be  found  by  multiplying  equation  6.17  by  the  area  of  the  loss  plane. 

Applied  to  the  heat  loss  out  of  the  back  of  the  test  sections  (see  Figure  4.2),  Ti  is  the 
temperature  at  the  back  of  the  metal  plate  and  T4  the  temperature  at  the  back  of  the  first  insulation 
layer,  material  a  is  the  pocket  of  insulating  air,  material  b  the  insulation,  and  c  the  layer  of  Silicon 
adhesive  (see  Figure  4.2).  Ti  can  be  estimated  from  the  heater  heat  flux  and  the  test  plate  wall 
temperature  and  T4  is  measured  directly  by  the  insulation  RTD's.  Values  of  conductivity  provided 
in  the  product  specifications  sheets  were  used  to  perform  these  calculations. 

Side  loss  may  be  estimated  in  the  same  manner  as  back  loss  from  the  test  section  and 
guard  heater  section  temperature  measurements.  For  equations  6.16  and  6.17,  material  a  is  the 
Aluminum  in  the  test  section  between  the  RTD  and  the  layer  of  insulating  foam  adhesive,  material 
b  is  the  adhesive  itself,  and  material  c  is  the  Aluminum  in  the  side  guard  heater  section  between  the 
foam  adhesive  and  the  other  RTD  (see  Figure  3.5). 

For  the  case  of  front  or  rear  heat  loss  from  a  test  section  unit  to  a  heated  plate  guard  section, 
the  same  formula  as  for  side  loss  applies.  For  heat  loss  from  one  test  section  unit  to  another,  the 
formula  may  be  simplified  to  the  one  material  case. 


F.  Radiation  Loss  Estimation.  Radiation  heat  loss  was  estimated  from  Stefan- 
Boltzmann's  law  of  radiation,  equation  3.8.  An  emissivity  of  0.05  was  used  based  on  the  experi¬ 
mental  results  described  in  Singham  (1962).  The  difference  between  the  temperature  of  the  RTD's 
near  the  test  wall  surface  and  the  actual  surface,  in  general  less  than  0.05®C,  due  to  the  0.1 -in  depth 
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of  the  RTD  sensing  element  beneath  the  surface,  can  be  included  in  addition  to  the  uncertainty  in 
the  emissivity  in  the  estimation  of  the  radiation  heat  flux  error  as  shown  in  Appendix  D. 


G.  Adjusting  for  Wall  Temperature  Variation.  The  solution  fen-  the  effect  of  a  step  rise 
in  temperature  on  Stanton  number,  as  given  in,  among  others,  Kays  and  Crawford  (1980),  was 
used  to  correct  the  coefficient  of  heat  transfer  values  for  the  variation  in  upstream  wall  temperature 
via  a  discrete  approximation  of  the  standard  formula: 


Sl,  >(S)  f,  /vx’'’", 


AT(x) 


d(T). 


where  s  is  the  streamwise  distance  at  which  the  effect  of  some  upstream  variation  AT(x)  from  ATo 
is  being  evaluated. 


ai^iTiiTTrTin  di  i  lo  1 1  nn'j  o  i  itj  m  h  m  t  j  dA'i 


An  approximate  estimate  of  the  effect  of  riblets  on  turbine  efficiency  can  be  made  from  the 
test  results.  Research  such  as  that  l)y  Choi  et  al.  (1987),  Lin  et  al.  (1990),  and  Caram  and  Ahmed 
(1989),  who  have  measured  up  to  13  percent  total  drag  reduction  on  a  NACA  0012  airfoil  at  a 
freestream  Reynolds  number  of  2.5x10^  due  to  liblets,  indicates  that  the  momentum  transfer 
properties  of  riblets  on  surfaces  with  curvature  are  comparable  to  those  measured  over  flat 
surfaces.  Therefore,  riblets  should  produce  roughly  as  much  total  heat  transfer  reduction  on  a 
comparable  airfoil  as  on  a  flat  plate.  Assuming  that  this  reduction  in  total  airfoil  heat  transfer  was 
fully  attainable  on  a  turbine  blade  row,  the  amount  of  cooling  air  needed  to  keep  the  blade  at  its 
design  operating  temperature  could  be  decreased  by  at  least  the  same  anaount.  The  increase  in 
turbine  efficiency  due  to  this  decrease  in  needed  cooling  air  can  then  be  estimated  from  the 
approximate  amount  of  decrease  in  turbine  efficiency  per  percent  of  cooling  air.  This  loss  in 
turbine  efficiency  per  percent  of  cooling  air  has  been  estimated  by  Hawthorne  (1956)  and 
experimentally  ascertained  by  Barnes  and  Fray  (1965)  and  Nouse  et  al.  (1975)  to  be  between  1  and 
3  percent.  Using  a  typical  amount  of  percent  turbine  cooling,  3  to  5  percent,  the  increase  in  turbine 
efficiency  can  then  be  calculated. 


A.  Introduction.  The  measurements  of  flat  plate  skin  friction  coefficient  agreed  with  the 
values  predicted  by  the  empirical  formula  equation  2.56  to  within  the  predicted  experimental  error. 
The  measurements  of  the  effect  of  riblets  on  skin  friction  and  drag  validated  the  particular  riblet 
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configuration  used  in  the  experiment  as  producing  drag  reduction  below  riblet  spacing  of  30  in 
wall  units  in  a  similar  manner  to  the  thin-element  riblets  used  by  Lazos  and  Wilkinson  (1987). 

The  maximum  reduction  in  drag  was  approximately  7  percent  with  an  error  of  ±4  percent  at  a 
riblet  spacing  in  wall  units  near  IS.  The  measured  flat  plate  Stanton  number  values  agreed  with  the 
values  predicted  by  equations  2.56  and  2.64  to  within  estimated  experimental  error  of  ±1.2  percent 
for  Reynolds  numbers  above  7xl05.  Below  this  Reynolds  number,  measured  values  were  lower 
than  predicted  values  by  as  much  as  4  percent.  However,  this  is  still  within  the  error  margin  of  the 
empirical  formulae.  Convective  heat  transfer  was  lower  over  the  riblets  for  s+  below  20,  with 
maximum  reduction  of  5  percent  at  s^  of  15.  This  maximum  reduction  might  translate  to  a  9- 
percent  decrease  in  total  heat  transfer  reduction  to  an  airfoil.  If  this  whole  decrease  could  be 
realized  on  a  turbine  blade  row,  it  might  result  in  a  turbine  efficiency  rise  of  between  0.15  and  0.75 
percent. 


B.  Effect  on  Skin  Friction.  The  coefficient  of  skin  friction  measured  over  the  flat  and 
ribleted  test  sections  is  shown  in  Figure  6.1,  Effect  of  Riblets  on  Coefficient  of  Skin  Friction, 
versus  Reynolds  number.  The  measurements  over  the  flat  plate,  plotted  as  black  diamonds,  show 
close  agreement  with  the  values  predicted  from  equation  2.56,  plotted  as  a  solid  line.  Indeed,  a 
least  squares  fit  of  equation  6.10  to  this  data,  plotted  as  a  dotted  line,  gives  results  within  1  percent 
of  equation  2.56,  certainly  well  within  experimental  error  and  the  uncertainty  in  the  equation.  The 
measurements  over  the  ribleted  plate,  plotted  as  clear  diamonds,  are  less  than  the  flat  plate 
measurements  for  Reynolds  numbers  below  about  1.5x10®  and  greater  than  for  Reynolds  numbers 
above.  These  data  show  more  scatter  than  the  flat  plate  results,  as  indicated  in  the  lower  R  value  of 
the  least  squares  fit  of  equation  6.10  to  them,  plotted  as  the  dashed  line.  Some  of  the  data  at  lower 
Reynolds  numbers  seem  to  indicate  that  a  point  of  maximum  skin  friction  is  reached  at  a  Reynolds 
number  of  about  750,000  and  that  the  riblet  skin  friction  approaches  the  flat  plate  values  with 
decreasing  Reynolds  number.  This  trend  is  consistent  with  previous  riblet  research.  Maximum 
reduction  is  approximately  7  percent  at  Reynolds  number  of  around  650,000. 

C.  Effect  on  Drag.  The  effect  of  riblets  on  coefficient  of  drag  is  shown  in  Figure  6.2, 
Drag  Reduction  of  Thin  Element  Riblets.  This  graph  shows  the  percent  reduction  in  test  plate  drag 
due  to  riblets  as  a  function  of  the  average  riblet  spacing  in  wall  units  in  the  test  sections.  Four 
curves  from  Lazos  and  Wilkinson  (1987)  for  similar  riblets  are  shown  as  in  Figure  2.4  for 
comparison.  The  results  show  drag  reduction  below  s+  of  about  30  wall  units,  with  maximum 
reduction  of  7  percent  at  approximately  15  wall  units.  The  data  in  the  drag  reduction  region  are 
quite  close  to  the  results  of  Lazos  and  Wilkinson  (1987)  for  the  riblet  aspect  ratio  of  0.58  used  in 
the  experiment.  The  single  data  point  in  the  drag  increase  region,  at  s+  of  55,  does  not  seem  to 
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agree  as  closely.  However,  since  time  constraints  prevented  more  data  points  from  being  obtained 
in  this  region,  this  trend  could  not  be  verified. 

D.  Effect  on  Stanton  Number.  The  local  Stanton  number  measurements  were  subject  to 
fairly  large  conduction  loss  experimental  error  and  showed  fairly  wide  scatter.  This  error  was  due 
to  the  fact  that  the  test  plate  subsections  on  which  an  energy  balance  was  used  to  calculate  the  local 
values  were  not  insulated  from  one  another,  merely  from  the  surrounding  plate,  as  discussed  in 
Section  1 1 .4.B.  Due  to  this  error,  to  which  the  calculation  of  the  integral  or  average  Stanton 
number  was  not  subject,  and  because  they  were  too  numerous  to  present  with  any  clarity  in  o.ie 
graph,  they  are  not  discussed  in  any  detail  in  this  section. 

The  measurements  of  average  or  integral  Stanton  number,  the  calculations  of  the  effect  of 
riblets  on  which  had  uncertainties  of  1 . 1  percent  on  average  and  less  than  1 .3  percent  in  all  cases, 
showed  reduction  in  heat  transfer  due  to  riblets  for  Reynolds  number  below  650,000  and  s+  below 
20.  The  effect  of  riblets  on  Stanton  number  versus  turbulent  Reynolds  number  is  presented  via  the 
integral  or  average  test  section  Stanton  number  in  Figure  6.3,  Average  Test  Section  Stanton 
Number  versus  Turbulent  Reynolds  Number  for  the  Flat  and  Ribleted  Plates.  The  measurements 
over  the  flat  plate,  plotted  as  black  diamonds,  are  uniformly  lower  than  the  values  predicted  from 
equations  2.56  and  2.64,  plotted  as  a  solid  line.  However,  they  are  certainly  within  the  error  range 
of  the  prediction  formulae.  The  measurements  over  the  ribleted  plate,  plotted  as  clear  diamonds, 
are  less  than  the  flat  plate  measurements  for  Reynolds  numbers  below  about  650,000  and  greater 
for  Reynolds  numbers  above.  Maximum  reduction  is  approximately  5  percent  at  a  Reynolds 
number  of  around  450,000.  The  effect  of  riblets  on  the  integral  Stanton  number  versus  riblet 
spacing  in  wall  units  calculated  from  the  curve  fits  shown  in  Figure  6.1  is  shown  in  Figure  6.4, 
Effect  of  Riblets  on  Integral  Stanton  Number.  The  results  show  heat  transfer  reduction  for  s* 
below  20  with  maximum  reduction  of  5  percent  at  s+  of  15.  The  general  trends  of  this  effect  are 
approximately  the  same  as  for  the  effect  on  drag,  a  region  of  drag  reduction  and  a  region  of 
increasing  drag  with  increasing  s"^  above  this  region. 

E.  Effect  on  Reynolds  Analogy  Factor.  The  effect  of  riblets  on  the  Reynolds  analogy 
factor  as  a  function  of  Reynolds  number  is  shown  in  Figure  6.5,  Reynolds  Analogy  Factor 
Variation  with  Reynolds  Number.  The  factor  variation  for  the  flat  and  ribleted  test  sections  were 
calculated  from  the  least  squares  power  fits  of  the  coefficient  data  as  a  function  of  Reynolds 
number.  The  results  for  the  flat  plate,  the  dotted  line,  agree  to  within  the  error  range  with  the 
constant  value  predicted  by  equation  2.64.  The  results  for  the  riblet,  plotted  as  a  dashed  line, 
increa.se  from  approximately  the  flat  plate  value  at  a  Reynolds  number  of  5x1 0^  to  35  percent 
higher  than  the  flat  plate  value  at  a  Reynolds  number  of  2.5x10*.  These  results  are  quite  similar  to 


67 


those  reported  by  Lindemann  (1985).  The  variation  of  the  analogy  factor  with  riblet  spacing, 
shown  in  Figure  6.6,  Reynolds  Analogy  Factor  Variation  with  s+,  was  calculated  easily  from  the 
fits  of  coefficient  of  friction  to  Reynolds  number.  The  results  are  the  same  as  for  Figure  6.6,  with 
riblet  factor  equaling  flat  plate  factor  at  s"^  approximately  equal  to  20  and  35  percent  greater  at  s"*^ »  i 
80.  No  rigorous  error  analysis  of  this  calculation  was  attempted. 

F,  Estimated  Effect  on  Turbine  Efficiency.  Assuming  that  the  entire  5  percent 
reduction  in  Stanton  number  could  be  achieved  upon  a  turbine  airfoil,  a  reduction  in  cooling  air 
needed  to  keep  the  blade  at  operating  temperature  of  5  percent  would  be  expected.  For  a  typical 
turbine,  this  reduction  may  be  0.15  to  0.25  percent  of  the  total  air  flow.  Using  the  sensitivity  given 
in  section  6.3,  a  rise  in  turbine  efficiency  of  between  0.15  and  0.75  percent  would  thus  be  expecteil 
due  to  the  implacement  of  properly  sized  riblets  on  turbine  blades.  Based  on  an  s+  of  15,  such 
riblets  would  have  to  have  a  spacing  of  17  microns.  To  preseive  the  aspect  ratio  of  the  riblets  used 
in  this  experiment,  a  height  of  8  microns  and  a  width  of  2  microns  would  be  needed. 
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7.  CONCLUSIONS  AND..REL0MMEINDAT10NS 


7.1.  Conclusions 

The  thin  element  riblets  used  in  this  experiment  have  been  shown  to  produce  drag 
reduction  characteristics  similar  to  the  thin  element  riblets  studied  in  Lazos  and  Wilkinson  (1988). 
They  showed  a  reduction  in  drag  for  riblet  spacing  below  30  in  wall  units,  with  a  maximum 
reduction  of  7  percent  at  a  spacing  of  around  15  wall  units. 

These  riblets  have  also  been  shown  to  reduce  turbulent  convective  heat  transfer  by  up  to  5 
percent.  This  range  of  reduction  occurred  for  riblet  spacing  below  20  in  wall  units  with  maximum 
reduction  at  15  wall  units.  The  effect  of  riblets  on  heat  transfer  was  similar  to  that  on  turbulent 
skin  friction  with  the  exception  that,  outside  the  region  of  heat  transfer  and  drag  reduction,  the  rise 
in  heat  transfer  over  a  ribleted  surface  versus  that  of  a  flat  surface  with  increasing  spacing  in  wall 
units  was  greater  than  the  corresponding  increase  in  drag.  One  way  of  restating  this  trend  is  that 
the  Reynolds  analogy  factor  rises  from  being  approximately  equal  to  the  flat  plate  value  at  s"^  equal 
to  20  to  about  35  percent  higher  than  the  flat  plate  value  at  s+  of  80.  Thus,  the  rise  in  drag  with 
increasing  s*'  is  exacerbated  for  heat  transfer  by  rising  Reynolds  analogy  factor. 

These  results  indicate  that  it  should  be  possible  to  use  riblets  to  reduce  the  heat  transfer  to  a 
turbine  blade  by  approximately  5  percent,  thereby  increasing  turbine  efficiency  by  up  to  0.75 
percent.  Assuming  that  the  reduction  in  heat  transfer  over  a  flat  plate  due  to  riblets  could  be 
realized  on  a  turbine  blade,  a  reduction  in  the  amount  of  cooling  air  required  to  cool  the  blade  to 
operating  temperature  of  about  5  percent  might  be  expected.  Using  the  calculation  method 
described  in  Section  6.3,  this  reduction  might  produce  a  rise  in  turbine  efficiency  of  between  0.15 
and  0.75  percent. 

Riblets  sized  for  a  typical  turbine  blade  to  have  the  value  of  s+  found  to  have  the  maximum 
heat  transfer  reduction  in  this  study  might  be  produced  in  the  blade  thermal  barrier  coating.  The 
riblet  dimensions  in  wall  units  of  the  measured  point  of  maximum  heat  transfer  reduction  in  this 
study  were  spacing  of  1 5,  height  of  7,  and  width  of  2.  To  produce  these  dimensions,  using  the 
typical  values  for  turbulent  flow  over  turbine  blades  given  in  the  introduction,  the  blade  riblets 
would  need  to  have  a  physical  size  of  spacing  of  17  microns,  height  of  8  microns,  and  width  of  2 
microns.  On  a  typical  turbine  inlet  guide  vane,  the  thermal  barrier  coating  deposited  on  the  surface 
to  reduce  heat  transfer  is  often  around  130  microns  thick.  A  riblet  of  the  correct  size  for  reducing 
heat  transfer  might  thus  be  produced  on  a  turbine  blade  directly  in  the  thermal  barrier  coating, 
although  this  study  has  not  addressed  the  feasibility  of  producing  such  a  microstructure. 
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7.2.  Recommendations 


The  present  work  indicates  that  riblets  show  a  distinct  potential  to  increase  turbine 
efficiency  by  reducing  turbulent  convective  heat  transfer.  In  general,  further  research  is  needed  to 
corroborate  this  result  and  to  determine  the  optimum  riblet  geometry  for  maximum  reduction.  In 
addition,  for  the  purpose  of  validating  that  these  results  will  indeed  be  attainable  on  a  turbine  blade, 
the  effects  of  wall  curvature  and  freestream  turbulence  on  riblet  heat  transfer  reduction  need  to  be 
examined. 
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APPENDIX  A-  STATISTICAL  AND  UNCERTAINTY  ANALYSIS 
TERMINOLOGY  AND  METHODOLOGY 


A.  I.  Measurement  Uncertainty  and  Error  Propagation 

A.  Introduction.  In  the  engineering  world,  rigorous  uncertainty  analyses  arc  often  not 
performed.  In  many  cases,  this  is  simply  because  they  arc  not  necessary.  For  many  engineering 
purposes,  approximate  answers  arc  quite  satisfactory.  However,  as  engineering  fields  such  as  gas 
turbine  design  become  more  developed,  higher  accuracy,  and  so  more  rigorous  uncertainty 
analysis,  becomes  necessary.  Since  this  is  certainly  the  case  with  this  project,  an  uncertainty 
analysis  as  rigorous  and  complete  as  time  would  allow  was  performed.  Unfortunately,  neither  the 
definition  of  uncertainty  nor  its  analysis  arc  trivial.  Indeed,  some  latitude  exists  in  both  the 
classification  and  analysis  methodology.  For  this  reason,  the  terminology  of  this  analysis  is 
described  along  with  the  method  used  to  calculate  error  propagation  in  some  detail. 

Uncertainty  is  taken  to  mean  the  maximum  error  which  might  reasonably  be  expected.  It 
is  an  estimate  of  the  accuracy  of  a  measurement,  the  closeness  of  that  measurement  to  the  “true” 
value.  This  uncertainty  is  assumed  to  be  composed  of  statistical  uncertainty,  the  scatter  of  the  data, 
and  instmmental  uncertainty,  the  estimate  of  the  total  uncertainty  inherent  in  each  measurement. 
The  Student's  “t”  test  is  used  to  form  a  combined  estimate  of  the  total,  maximum  uncertainty  for  a 
certain  confidence  level.  The  statistical  concept  of  data  weighting  may  be  used  to  perform 
regression  which  takes  into  account  this  uncertainty. 

B.  Statistical  Uncertainty.  The  statistical  uncertainty,  often  called  the  nmdom  error,  is 
the  variation  of  repeated  measurements.  The  most  widely  used  method  of  gaging  its  magnitude  is 
with  the  square  root  of  the  variance,  called  the  standard  deviation,  a.  The  standard  deviation  is 
defined  to  be  the  root  mean  square  deviance  of  the  data  from  the  mean: 


where  N  is  the  number  of  observations,  Xi  are  the  observations,  and  |i  is  the  mean.  For  a  set  of 
observations  distributed  symmetrically  about  the  mean  and  with  the  mean  as  the  most  likely  value, 
approximately  68  percent  will  be  contained  between  ii+o  and  ^t-o.  If  the  scatter  is  distributed 
according  to  a  Gaussian  distribution,  as  is  assumed  in  all  cases  here,  the  standard  deviation  of  a 
finite  number  of  ob.servations  can  be  estimated  by  the  statistic  s: 
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where  n  is  the  number  of  measurements,  xj  are  the  individual  measurements,  and  x,  the  average 
measurement  value,  is  the  maximum  likelihood  estimate  of  the  mean. 

The  Student's  “t”  test  is  often  used  to  weight  the  statistic  s  to  account  for  the  sample  size 
not  being  infinite.  The  weighting  value  is  a  function  of  the  specified  confidence  of  the  result  and 
the  degrees  of  freedom,  v,  the  number  of  observations  in  excess  of  the  number  of  parameters 
determined  from  the  sample  (e.g.,  when  a  sample  of  size  n  is  used  to  determine  the  mean,  x,  the 
degrees  of  freedom,  v,  are  n-1).  The  most  common  confidence  level  used  in  physical  sciences  and 
engineering  is  95  percent.  The  weighting  value  for  this  level,  the  95th  percentile  point  of  the  two- 
tailed  Students  “t"  distribution,  is  denoted  as  t95.  For  v=30,  a  sample  number  often  chosen  as 
small  enough  to  be  feasible  and  large  enough  to  allow  accurate  gaging  of  statistical  value,  t95  = 

2.04.  Once  this  statistical  parameter  is  known,  we  may  conclude  with  a  95  percent  confidence 
level  that,  for  a  finite  number  of  measurements  with  no  experimental  uncertainty,  there  exists  a  68 
percent  chance  that  the  true  mean  of  the  data,  p,  will  fall  within  the  interval  x±t95S. 

It  should  be  noted  that  for  observations  with  inherent  experimental  uncertainty,  the 
statistical  uncertainty  is  not  independent  of  the  distribution  of  the  experimental  uncertainty. 
However,  since  this  inaccuracy  is  conservative,  i.e.,  causes  the  statistical  uncertainty  to  be  over¬ 
estimated,  and  more  importantly,  is  usually  miniscule,  it  is  considered  acceptable  in  general. 


C.  Experimental  Uncertainty.  The  experimental  uncertainty,  also  termed  systematic 
error,  is  the  estimate  of  the  uncertainty  inherent  in  each  measurement  due  to  factors  such  as  the 
total  uncertainty  of  the  calibration,  the  material  variation  in  instrument  manufacturing,  and 
unknowns.  It  is  denoted  as  b. 

Experimental  uncertainty  may  be  accounted  for  in  calculations  of  the  statistical  parameters 
describing  a  set  of  data  with  weighting.  If  each  data  point  x;  has  its  own  standard  deviation  Oj,  the 
maximum  likelihood  estimator  of  the  mean  is: 


X  = 


I(lMf)' 


^  (A.3) 

For  the  case  where  the  standard  deviations  for  a  body  of  data  taken  at  one  condition  are  comprised 
solely  of  experimental  uncertainty,  this  weighting  may  be  neglected,  since  experimental  uncertainty 
is  approximately  equal  for  most  measurements  made  under  similar  conditions.  This  is  not  true  in 
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general  for  a  body  of  data  taken  at  different  conditions,  especially  when  those  data  points  are 
themselves  averages  of  sets  of  data,  and  so  cannot  be  neglected  when  p)erforming  regression 
analyses,  as  covered  below.  The  effect  of  the  standard  deviation  of  each  datum  on  the  confidenc  e 
interval  of  the  mean  must  also  be  included  in  any  rigorous  calculation  via  error  propagation 
analysis. 

D.  Error  Propagation.  In  many  cases,  and  certainly  in  this  case,  the  parameter  of  interest 
is  measured  indirectly  by  calculating  its  value  from  other  more  basic  properties.  In  these 
calculations,  the  measurement  uncertainty  is  propagated  through  the  calculating  functions  to  the 
parameter.  This  may  be  approximated  by  the  Taylor  series  methcxls.  Given  a  dependent  variable 
/  such  that: 

/  =  /(x  x,,  ...,  X  ), 

(A.4) 

with  uncertainties  in  the  independent  variables  Uxi,  Ux2.-m  Uxn.  the  resulting  uncertainty  in  /  is: 


In  strict  analyses,  the  statistical  and  experimental  uncertainty  are  propagated  separately,  but  in  this 
study,  the  decrease  in  accuracy  in  uncertainty  estimate  due  to  combined  propagabcti  is  an  order  of 
magnitude  smaller  than  the  uncertainties  themselves  and  so  is  deemed  acceptable  in  general. 


E.  Total  Uncertainty.  For  simplicity,  a  single  estimate  of  the  total  expected  uncertainty  is 
used.  The  most  widely  accepted  method,  recognized  both  by  the  National  Bureau  of  Standards 
and  industry,  is  the  combination: 


u  =  ±  (b  +  t^5  s). 


(A.6) 


The  parameter  u  itself,  it  should  be  noted,  is  not  a  statistical  confidence  interval  because  the 


distribution  of  b  is  both  unknown  and  unknowable  by  definition.  However,  as  mentioned  in 
Abernathy  et  al.  (1980),  most  reasonable  assumptions  for  di.stributions  of  b  result  in  u  covering  a 
stati.stical  confidence  level  of  at  least  95  percent.  Thus,  if  the  distributions  of  the  statistical  and 
experimental  uncertainties  are  roughly  Gaussian,  we  may  conclude  with  a  95  percent  confidence 
that  the  true  mean  value  of  a  dependent  variable  f  will  fall  within  the  interval  fl:(b+t95s)  68  percent 
of  the  time,  where  f  is  the  average  of  fi,  b  is  the  uncertainty  in  f  due  to  the  propagation  of  the 
uncenainties  of  the  independent  variables  Xy  through  f,  and  s  is  the  root  mean  square  deviation  of 
fj  from  f. 


More  detailed  treatment  of  this  subject  may  be  found  in  the  references  from  which  the 
above  is  derived:  Kline  and  McClintock  (1953),  Bevington  (1969),  Abernathy  et  al.  (1980),  and 
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Moffat  (1982). 


A.2.  Regression  and  the  Goodness  of  Fit 

A.  Introduction.  The  analyses  in  this  study  often  involved  the  fitting  of  an  equation  to  a 
set  of  data.  The  fits  were  performed  via  the  maximum  likelihood  method:  the  coefficients  of  the 
fit  were  chosen  so  as  to  maximize  the  probability  of  the  observation  of  the  actual  measurements, 
assuming  a  Gaussian  distribution.  This  was  performed,  as  is  standardly  done,  by  minimizing  chi- 
squared,  the  least  squares  method.  Chi-squared  is  defined  to  be  the  weighted  sum  of  the  squares 
of  the  deviations: 

=  X  [  *T  ^  ^ 

a. 

'  (A.7) 

where  yi  are  the  measurements  of  the  dependent  variable,  xj  those  of  the  independent  variable,  Oj 
the  standard  deviation  of  the  independent  variable,  and  y(xi)  the  fitting  function  evaluated  at  xj.  The 
minimization  of  equation  A.7  can  be  performed  analytically  for  fitting  functions  which  are  linear  in 
their  coefficients.  Single  value  decomposition  was  used  to  avoid  the  spurious  coefficients  often 
generated  by  simple  solution  of  the  normal  equations.  In  several  segments  of  this  study,  least 
squares  fitting  was  performed  for  equations  which  were  nonlinear  in  their  coefficients.  In  these 
instances,  the  solution  had  to  be  found  by  iterative,  numerical  techniques.  The  Levenberg- 
Marquardt  method,  as  oudined  in  Maiquardt  (1963)  was  used  for  its  robustness  and  simplicity. 
Algorithms  from  both  Bevington  (1969)  and  Press  et  al.  (1986)  were  used  at  various  points  in  this 
research  by  incorporation  into  Fortran  programs.  In  addition,  the  results  obtained  fix)m  these 
algorithms  were  verified  with  the  IMSL  mathematical  library  of  Fortran  subroutines.  Listouts  oi 
the  subroutines  as  incorporated  into  the  programs  may  be  found  in  the  listouts  in  Appendices  B,  C, 
and  D. 


B.  Significant  Uncertainty  in  Both  the  Independent  and  Dependent  Variables. 

Some  difficulties  arise  as  to  the  proper  procedure  to  be  taken  when  the  ratio  of  the  standard 
deviation  of  the  dependent  variable  to  the  dependent  variable  itself  is  of  the  same  order  of 
magnitude  as  the  ratio  of  the  standard  deviation  of  the  independent  variable  to  the  independent 
variable.  For  this  case,  rigorous  solution  via  the  least  squares  method  is  complicated  enough  to  be 
considered  intractable  for  most  analyses.  To  circumvent  this  problem,  Bevington  (1969)  suggests 
taking  the  root  mean  square  of  the  two  deviations  and  treating  that  as  if  it  were  the  standard 
deviation  of  the  independent  variable  in  the  standard  case  with  zero  dependent  variable  standard 
deviation.  However,  if  the  units  of  the  dependent  and  independent  variable  do  not  agree,  then  this 
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will  be  dimensionally  incorrect.  Two  other  options  exist  to  obtain  a  combined  uncertainty:  use  the 
root  mean  square  of  the  percentages  of  the  standard  deviations  or  nondimensionalize  the  data  .so 
that  dimensionality  will  not  enter  the  problem.  The  author  feels  that  the  former  method  makes  the 
most  sense  and  so  has  used  it  with  the  exception  of  the  case  where  nondimensionalization 
produces  variable  ranges  of  equal  magnitude,  which  in  any  event,  is  equivalent  in  result  to  the 
former  method  for  monotonically  decreasing  or  increasing  functions. 


C.  y}  Minimization  Methodology.  For  the  case  where  the  fining  function  is  linear  in  its 
coefficients,  minimization  of  equation  A.6  is  quite  simple  to  perform  with  standard  techniques,  but 
can  produce  spurious  and  occasionally  numerically  incorrect  results.  A  set  of  normal  equations 
may  be  found  by  setting  the  derivatives  of  equation  A.6  with  respect  to  the  coefficients  equal  to 
zero.  However,  these  equations  are  often  very  close  to  singular,  especially  for  fitting  functions 
such  as  the  polynomial  used  to  calibrate  RTD’s,  equation  B.3,  where  the  coefficients  of  the  higher 
terms  may  be  very  small  and  of  opposing  sign,  so  as  to  cancel  each  other  out  delicately.  In  this 
situation,  in  addition  to  containing  spurious  coefficients,  the  results  are  subject  to  large,  and  to  a 
great  extent,  unpredictable  numerical  error. 

A  more  robust  technique  uses  single  value  decomposition  to  force  these  coefficients  to  tend 
towards  zero.  Single  value  decomposition  is  merely  a  technique  of  decomposing  a  matrix  into  two 
orthogonal  matrices  and  a  diagonal  matrix.  It  may  be  used  to  decompose  the  inverse  of  the 
weighted  fitting  function  matrix,  mjj  * ,  into  an  orthogonal  matrix  Uij,  the  transpose  of  an 
orthogonal  matrix,  Vji,  and  a  diagonal  matrix,  Wfc.  Using  this  t  tha’  ,  in  Press  et  al.  (1986),  the 
solution  for  the  coefficients,  aj,  of  a  set  of  fitting  functions  Xi  is: 


where: 


(A.8) 


m. 

'j 


X  (x.) 

j  I 

a 


(A.9) 

are  the  error  weighted  fitting  functions,  and  the  error  weighted  independent  variables  are: 
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a 

The  uncertainties  in  the  coefficients  may  be  derived  from  these  equations  to  be: 


(A.IO) 
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(A.ll) 

The  total  uncertainty  of  the  fit  may  be  calculated  as  a  function  of  the  coefficients  and  the  dependent 
variables  from  equations  A.l  1  using  the  Taylor  series  error  propagation  method. 

When  the  fitting  function  is  nonlinear  in  its  coefficients,  minimization  of  equation  A. 6 
must  be  performed  via  an  iterative,  numerical  method.  The  most  widely  used  and  robust  of  the 
techniques  available  is  the  Levenberg-Marquardt  method.  This  method  is  a  coupling  of  two  non¬ 
linear  iteration  schemes,  the  steepest  descent  method  and  the  inverse-Hessian  method.  Both  of 
these  methods  use  the  Hessian  matrix,  the  second  derivative  of  equation  A.6  with  respect  to  the 
coefficients  of  the  fit,  to  iterate  a  solution.  The  steepest  descent  method  is  used  far  from  the 
minimum  to  close  in  quickly  on  the  general  region  of  minimum  y}  where  the  inverse-Hessian  is 
used  to  refine  the  coefficient  estimates  nearby.  Marquardt  (1963)  put  forth  an  elegant  criterion  for 
switching  between  the  two  methods  based  on  a  suggestion  of  Levenberg,  thereby  combining  the 
strengths  of  each  of  these  methods.  Since  the  solution  is  numerical,  the  uncertainty  in  the 
coefficients  must  be  estimated  numerically  from  the  curvature  matrix.  Fortunately,  as  shown  in 
Bevington  (1969),  this  is  quite  simple. 

D.  Goodness  of  Fit.  The  most  common  and  very  simple  test  of  the  goodness  of  a  fit  is 
whether  the  reduced  i}  of  the  fit  is  less  than  1.5.  The  reduced  i}  is  defined  as  divided  by  the 
number  of  degrees  of  freedom,  v.  The  reasoning  behind  this  statistical  test  is  quite  simple:  if  the 
observed  and  predicted  deviation  of  the  data  are  approximately  equal,  the  reduced  "f}  is 
approximately  one.  A  more  rigorous  statement  of  the  test  can  be  made  by  considering  the  integral 
probability  of  observing  a  particular  magnitude  of  reduced  y}  based  on  the  Gaussian  distribution. 
Using  this  technique,  for  a  reduced  of  0.616  or  below,  with  a  number  of  degrees  of  freedom  of 

30  or  more,  at  least  a  95  percent  chance  exists  that  a  random  sample  of  data  points  would  yield  at 
least  as  high  a  reduced  y}.  Similar  percentages  may  be  calculated  for  various  conditions  for 
comparison. 


APPENDIX  B.  RTD  CALIBRATION  ANALYSIS  AND  ERROR  ANALYSIS 

METHODOLOGY  AND  RESULTS 


B.l.  Calibration  and  Calibration  Error  Analysis  Metl 
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A.  Background.  The  use  of  platinum  resistance  thermometers  as  a  standard  temperature 
interpolation  instrument  in  the  range  0  to  500°C  was  first  suggested  by  H.L.  Callendar  (1887). 
Improvements  in  the  purity  of  platinum  and  other  construction  materials  as  well  as  in  design  and 
caliln-ation  techniques  increased  the  stability,  accuracy,  and  repeatability  of  these  instruments  to 
such  a  degree  that  they  have  been  used  as  a  common  standard  for  temperature  measurements  near 
room  temperature  for  many  years.  Indeed,  the  most  recent  deHnition  of  an  international 
temperature  scale,  the  International  Practical  Temperature  Scale  of  1968  (IPTS-68),  uses  a 
particular  type  called  the  Standard  Platinum  Resistance  Thermometer  (SPRT)  as  the  interpolation 
instrument  for  realizing  the  scale  from  -259.34  to  630.74°C. 

The  SPRT  consists  of  a  fine  helical  coil  of  pure  platinum  wire  wound  around  a  miniature 
X-beam  formed  from  two  thin  strips  of  mica,  which  in  turn  are  suspended  in  an  evacuated  Pyrex 
or  quartz  sheath.  Most  commonly,  the  resistance  of  the  platinum  element  is  read  via  a  four-wire 
measurement  such  as  the  current  source/voltmeter  method  used  in  this  experiment.  The  standard 
interpolating  equation  for  SPRTs  relating  resistance  and  temperature  until  1968  was  the  original 
Callendar  equation,  with  an  extra  term  added  by  VanDusen  (1925): 


R(Tcvd)  =  R.  +  Ro“[Tcvd-8(^-')(^) 


100 


100 


(B.l) 


where: 


•Tcvd  is  Callendar-VanDusen  temperature, 

•R  the  resistance  at  Tcvd> 

•Ro  the  resistance  at  Tcvd  equal  to  zero,  usually  100  Q, 

•a  the  temperature  coefficient  at  Tcvd  equal  to  zero,  required  by  IPTS-68  to  be 
0.003925  fi/n/°C  or  above, 

•5  Callendar's  original  characteristic  constant,  typically  1.5,  and, 

•P  a  characteristic  constant  added  by  VanDusen,  most  often  below  1x10  ’^. 

The  four  constants  in  this  equation  are  taken  to  be  invariant  with  temperature,  and  are  determinetl 
by  taking  resistance  measurements  at  four  triple  points,  usually  those  of  Tin,  Zinc,  Oxygen,  and 
Ice.  This  equation,  termed  the  Callendar-VanDusen  equation,  was  replaced  in  the  IPTS-68  with  a 
20-th  order  polynomial.  Between  the  ice  and  tin  triple  points,  the  difference  between  the  two 
equations  is  given  by: 
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With  the  use  of  the  20-th  order  calibration  equation,  the  SPRT  error  between  0  and  100°C  may  be 
as  low  as  lxlO'^°C.  A  more  detailed  treatment  of  SPRTs  may  be  found  in  Riddle  et  al.  (1973, 
1976). 


Inexpensive,  miniature  platinum  resistance  temperature  detectors  (RTD's)  have  been 
developed  recently  in  an  attempt  to  retain  some  of  the  SPRTs'  accuracy  and  repeatability  while 
decreasing  their  expense  and  bulk.  These  RTD’s  consist  of  a  miniature  sensing  element,  a  coil  or 
film  of  platinum,  embedded  in  some  type  of  epoxy  or  enamel  block.  The  particular  type  used  in 
the  present  research  is  described  in  Section  4.2.A.  While  the  accuracy  of  RTD’s,  approximately 
0. 1°C,  is  as  much  as  100  times  worse  than  that  of  SPRTs,  their  cost  is  100  times  less.  RTD’s 
may  be  calibrated  in  the  same  manner  as  SPRTs. 


B.  Calculation  Methodology.  The  RTD's  were  calibrated  by  using  an  iterative,  non¬ 
linear  least  squares  method  to  fit  the  solution  of  a  simplified  fojm  of  equation  A.l  for  temperature 
as  a  function  of  resistance  to  a  large  sample  of  resistance  measurements  in  the  range  of  interest,  0 
to  100°C. 

Unfortunately,  the  author  did  not  have  access  to  triple  point  calibration  equipment.  For  this 
reason,  the  RTD  calibration  was  performed  by  using  a  least  squares  method  to  fit  the  Callendar- 
VanDusen  equation  to  a  large  sample  of  data. 

A  simplified  form  of  the  Callendar-VanDusen  equation  may  be  solved  explicitly  for 
temperature.  The  Callendar-VanDusen  equation,  equation  B.l,  is  actually  a  fourth  order  equation 
for  resistance  as  a  function  of  temperature.  For  convenience,  it  may  be  rewritten  as; 

where: 
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and; 
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While  this  equation  is  quite  easy  to  fit  to  a  set  of  data,  it  must  be  solved  numerically  for 
temperature  for  a  given  resistance  using  some  root  finder  subroutine.  In  general,  however,  P  is 
either  zero  or  extremely  small  (less  than  1x10  *^)  for  temperature  measurements  above  O^C. 

Thus,  a3  and  34  are  also  extremely  small  (less  than  1x10*^®),  with  the  consequence  that  the 
contribution  of  the  third  degree  and  higher  terms  is  10  orders  of  magnitude  smaller  than  ao.  When 
solving  equation  B.3  numerically  for  temperature,  the  error  introduced  by  neglecting  their 
contribution  is  IxlO^^C  or  less.  Since  this  is  two  orders  of  magnitude  smaller  than  the  expected 
accuracy,  it  may  be  ignored.  The  resulting  second  order  equation  is  not  only  simple  to  fit  but  also 
explicitly  solvable  for  temperature  as  a  function  of  resistance: 


CVD 


(B.9) 


where: 
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and; 
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To  achieve  acceptable  propagation  of  experimental  error  in  the  calculation  of  these 
coefficients,  they  must  be  determined  from  a  nonlinear  least  squares  fit  of  equation  B.9.  The 
coefficients  bj  are  proportional  to  the  inverse  of  a2.  Because  a2  is  very  small,  the  error  in 
determining  its  inverse  is  quite  large.  For  this  reason,  the  error  in  Tcvd  calculated  from  equation 
B.9  using  the  coefficients  determined  with  equations  B.IO  through  B.12  is  on  the  order  of  1(X) 
percent.  Acceptable  error  in  equations  B.l,  B.3,  and  B.9  may  be  achieved  by  fitting  equation  B.9 
to  the  data  directly.  Since  this  equation  is  not  linear  in  its  coefficients,  this  must  be  done  using  an 
iterative  nonlinear  least  squares  fit  method.  The  Levenberg-Marquardt  method,  as  detailed  in 
Appendix  A,  was  used  for  this  purpose.  The  program  used  to  perform  this  is  listed  in  section 
B.2.A. 
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C.  Calibration  Equipment  Setup  and  Operation.  The  calibration  equipment  included 
a  stirred,  combined  heated  and  cooled,  insulated  bath  of  Flourinert  liquid,  into  which  all  the  RTD's 
were  placed  along  with  the  four  partial  immersion,  mercury  thermometers.  The  calibration  bath 
was  a  cube  approximately  1  cubic  foot  in  size.  The  bath  liquid,  trade  named  Fluorinert,  was  a 
chemically  inert,  electrically  nonconducting  fluid  with  high  thermal  conductivity.  The  bath 
apparatus  included  a  heating  element  used  to  heat  the  bath,  a  mechanical  stirrer  to  ensure  uniform 
temperature,  a  tap  water  inlet  cooling  element,  and  a  temperature  control  device.  The  temperature 
control  device  consisted  of  an  integrated  bath  thermometer  and  a  temperature  setting  device  to 
electrically  control  the  heater.  The  cooling  element  was  controlled  manually  with  an  on/off  tap  in 
the  rear  of  the  bath.  The  walls  of  the  bath,  themselves  insulated,  were  further  insulated  with  a 
uniform  layer  of  half-inch-thick  Styrofoam.  The  top  to  the  bath  ojjening  used  during  this 
calibration  was  a  similar  layer  of  Styrofoam  constructed  by  the  author  to  allow  insertion  of  the  four 
mercury  thermometers,  evenly  spaced  across  the  bath,  in  addition  to  the  RTD’s,  with  minimal  heat 
loss. 

At  low  temperatures,  stable  bath  temperature  settings  were  achieved  using  the  built  in  bath 
heater  and  cooler,  where  at  higher  temperatures,  temperature  settings  only  marginally  stable,  but 
stable  enough  to  allow  the  successful  taking  of  calibration  data,  could  be  achieved.  The  internal 
bath  thermometer  neither  agreed  with  nor  tracked  with  the  mercury  thermometers  and  so  was  not 
used  to  measure  temperature.  With  the  stirrer  operating,  the  four  mercury  thermometers 
distributed  across  the  calibration  bath  read  to  the  same  temperature  to  within  their  readability  and 
tracked  exactly.  For  this  reason,  it  was  concluded  that  the  temperature  variations  across  the  bath 
were  minimal.  At  lower  temperatures,  the  heater  and  cooler  could  be  used  in  some  combination  to 
set  the  bath  temperature  to  a  desired  level,  with  the  bath  remaining  stable  at  that  temperature  for  at 
least  30  seconds,  more  than  long  enough  to  take  data  from  all  RTD's.  At  higher  temperatures, 
between  75°C  and  100°C,  the  heat  loss  from  the  bath  was  large  enough  that  no  combination  of 
heater  or  cooler  settings  resulted  in  temperatures  that  were  stable  for  more  than  20  seconds. 
Through  trial  and  error,  it  was  discovered  that  between  approximately  5  and  25  seconds  after  the 
heating  elements  shut  off,  the  temperature  of  the  bath  was  the  stable  to  within  0.075°C.  For 
approximately  5  seconds  after  the  heating  elements  were  turned  off,  the  bath  temperature  would 
continue  to  ri.se  slightly  as  the  element  cooled  to  the  temperature  of  the  bath.  Only  20  seconds  after 
the  bath  temperature  had  stopped  rising,  it  would  begin  to  drop  as  the  bath  cooled.  Fortunately,  the 
software  running  the  calibration  data  taking  operation  needed  only  5  seconds  to  load  after  being 
activated  and  15  seconds  after  loading  to  fully  take  data.  This  allowed  the  calibration  data  to  be 
taken  in  the  20-second  period  of  temperature  stability  by  keying  the  software  to  run  just  as  the 
heater  element  turned  off.  Thus,  even  though  bath  temperature  was  only  marginally  stable  at 
higher  temperatures,  it  was  possible  to  ensure  that  calibration  data  were  taken  at  constant  bath 
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temperature. 

In  the  first  calibration  run,  measurements  began  at  room  temperature  and  proceeded  to 
close  to  100°C.  In  the  second  calibration,  this  order  was  reversed,  with  no  apparent  effect  on  the 
results. 


D.  Calibration  Error  Analysis.  The  uncertainty  in  temperature  reading  due  to  the  error 
of  the  calibration,  both  statistical  and  experimental,  was  determined  via  equation  A.5  from  the 
uncertainty  in  the  calibration  constants  calculated  numerically  by  the  programs  listed  below.  An 
estimate  of  the  uncertainty  in  temperature  reading  due  to  the  effect  of  the  cycling  of  the  tests  was 
derived  from  a  second  calibration  performed  after  simulated  temperature  cycling.  The  maximum 
difference  between  the  temperatures  calculated  from  the  first  and  the  second  calibration  constants 
was  used  to  estimate  this  uncertainty.  The  sum  of  these  two  values  was  then  taken  as  an  estimate 
of  combined  total  temperature  uncertainty. 

The  error  in  Callendar-VanDusen  temperature  calculated  from  resistance  and  various 
calibration  constants  may  be  determined  using  equation  A.5.  The  inverse  of  the  curvature,  or 
Hessian,  matrix  used  to  perform  a  nonlinear  least  squares  fit  of  equation  B.9  to  the  calibration  data 
is  the  variance  of  the  coefficients.  Thus,  the  square  root  of  this  numerically  evaluated  matrix  gives 
the  errors  in  the  coefficients.  Applying  equation  A.5  to  equation  B.9,  the  error  in  temperature 
calculated  from  equation  B.9  due  to  these  errors  and  the  error  in  resistance  measurement  is: 


CVD 


/ar^  2  ^ 


ar"  2 


(B.IO) 


where  Ub,  are  the  uncertainties  calculated  from  the  fit,  ur  is  the  uncertainty  in  resistance: 

ab,  ’ 


^  =  .0.5(b,-b,R)-'« 


ar 

ab. 


=  0.5  R  (  b^  -  b3  R  ) 


1/2 


(BID 


(B.12) 


(B.13) 


and: 


|I-0.5b,(b,-b,R)-''l 


(B14) 


A  similar  method  may  be  used  to  calculate  the  errors  in  the  Callendar-VanDusen 
temperature  calculated  via  Newton-Raphson  numerical  solution  of  the  Cailendar-VanDuscn 
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equation.  Equations  B.IO  through  B.12  may  be  solved  for  ai  to  give: 
2 


b,-b; 


^  ’ 
1 

^"■b3  ’ 


and: 

a3  =  a^  =  0. 
The  errors  are: 


(B.15) 

(B.16) 

(B.17) 

(B.18) 


(B.19) 


(B.20) 


(B.21) 


The  errcn-  due  to  assumption  of  zero  as  and  aa  is  (ontained  in  these  and  does  not  have  to  be 
accounted  for  separately.  The  Callendar-VanDusen  coefficients  and  their  errors  may  be  calculated 
from  ai  and  Uai  or  bj  directly  via  equations  B.4  through  B.8: 


II 

(B.22) 

p 

II 

8 

(B.23) 

10,00032 

^  100a2-aj’ 

(B.24) 

p  =  o. 

(B.25) 

c 

II 

c 

•• 

(B.26) 
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(B.27) 


The  Newton-Raphson  method  may  be  used  to  solve  the  formula: 
/(x)  =  0 


(B.28) 

(B.29) 


for  X.  Rewriting  the  Callendar-VanDusen  equation  in  this  format  yields: 

(B.30) 

The  error  in  Tcvd  calculated  in  this  manner  may  be  determined  from  the  chain  rule  to  be: 


(B.31) 


where: 


(B32) 

(B.33) 

(B.34) 

(B.35) 

(BJ6) 

(B.37) 
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and: 


(B.38) 


(B39) 


(B.40) 

Since  the  computer  front  end  used  the  numerical  solution  to  calculate  temperature  from  stored 
Callendar-VanDusen  coefficients,  equation  B.31  was  used  to  calculate  Callendar-VanDusen 
temperature  error. 

As  can  be  determined  from  equation  B.2,  in  the  range  0°C  to  100°C,  IPTS-68  and 
Callendar-VanDusen  temperature  differ  by  so  little  that  they  may  be  taken  to  be  the  same,  with  the 
difference  being  taken  account  of  by  adding  their  maximum  difference  in  this  range,  0.01  ®C,  to  the 
total  maximum  error,  if  the  total  desired  error  may  be  larger  than  0.0 1°C.  Thus: 


T  =  T  =T 
^  “  MPTS-68  CVD 


and: 


(B.41) 


Ut.  =  u_.  +0.01. 

‘  *CVD 

(B.42) 

To  account  for  the  effect  of  the  temperature  cycling  during  data  runs,  the  effect  of  simulated 
cycling  was  added  to  the  error  estimate.  After  the  first  calibration  had  been  performed,  the  RTD’s 
were  subjected  to  a  temperature  cycling  estimated  to  be  approximately  equivalent  to  that  which 
they  might  experience  during  testing.  This  cycling  consisted  of  10  sets  of  3  hours  at  room 
temperature  and  3  hours  at  100°C.  After  the  cycling,  a  second  calito'ation  was  performed.  The 
maximum  difference  between  temperature  calculated  using  coefficients  from  the  first  and  second 
calibrations,  that  at  the  highest  calibration  temperature,  was  then  added  to  the  final,  total, 
maximum,  error,  estimate.  The  program  written  to  perform  this  set  of  calculations  is  listed  in 
section  B.2.B. 


9.2.  Calibration  Programs 

A.  Nonlinear,  Least  Squares,  Calibration  Program.  The  following  printout  of 
program  CURFIT  shows  the  FORTRAN  program  written  to  perform  the  nonlinear,  least  squares 
fit  of  equation  B.9  to  the  two  sets  of  calibration  data  taken  for  the  140  RTD's. 
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progmcurft 

pirn— 11(111  mi"1.nfti"12) 

■ifprgjt 

mi  m(iyi^l40).la|<i%O),iigpMm(a|<i).tiitmliT(iytt). 

■tCnife(aBim),Ghjaqr,cv4(3Mi|piMvd(3),M<|i^ 

ml  toapdBi(S,l9tt,140) 
elMncl*tflic 


C 

chtKfvO. 

chiaiplaO. 

doSi^l^ 

a(tH). 

s«iat(tH>- 

cvd(i))A 

•igmcvd(i)aQ. 

3  ca^am 

do20t«l.B|n 

iiV(i>^ 

*(iH). 

yfiKiH). 

•igmeKi^O. 

•igmatotCiMl 

dol0>il.l40 

10  cotauB 

20 

do  30  i«l,nlBno* 

30  fiiinuB 

do3Si«U 

do34 

do33k-1.140 

33  ocrtiniB 

34  conauB 

ti(l)«200a0 

b(2)*3000000.0 

b(3)«100000 

uMi(9) 

e 

c  icadincaliHBtkadu 

c 

wriM*.*)  'Rcadag  dM' 

ofMP(  lO^^m  .cbI  ,4Mif«wcal2^,Hu»»'qi<f) 
opai  1 1  .filB»1aoaBXBi^)DlOifBl7,dn*jtrtuig'new') 
af»(12»f3e«lflDi«al^)nlcrgrcal2i.dBf.flatuBi^w‘, 

♦  fed«1000) 
wnlB(U.40) 

♦  '•  RTDCtUbratka  •'J.ln. 

♦  nt:  T»bl  •■qft(b2  >b3*R){thBCVDB(|tti.Ml>«dfvTr. 

♦  ^ 
c 

do  41  i»l,iif)U 

md(9.'(BJy.6iidw<l )  «Bni|i(i) 

41  conbnuB 

d<iBe(9) 
do  S3  isl,f^ 

30  rnddOJIi^BSy^BoditSS)  Oag 

if  (flag«q.ThB  dm*)  dm 
fmKl0.60)  (aB(iJ)>1.140) 

•te 

^30 

endif 

S3  cdina 

60  (b«a«(aJ.139(U^J)) 

c 

c  catciilm  b  to  diu  tnl  wrias  ii  to  (Bb 

c 

writo(*.*)  'BBfiiBag  dm  aaljrm 
do70ial.qpl» 
if  (iBtBp(i)4L3l.)  dm 
Bitoatompf  0^0707 

bIbb 

BifinBtonip(0^.0393 

endif 

70  cartfnoB 

c 

do  200  ml, 140 


do80  jsljnpto 

d(iiam(i)><UX)0142^«<^040i»S7 

Bi^Btoai(j)aa^«fnBli^(j)**l»BiCBaaiB<i)**2) 

BOHiCiJ) 

lBB|Mkli(lj4HB<i4) 

h»|Klm(2j4>«tnM(i) 

to  cwartu 

c 

cfabqrl^^ 

gUBOBfidOOl 

tl  call  fil(paMW.»«lHpji|Blat>jigniAjrfif/WBy) 

if  (bMcteqr^lMqrl  >^.00000001)  te 
cbiB^lBcbiB^ 
ipaotl 
aidtf 

»rito(*,*)chiF 

c 

dot5j«l,a^ 

8igBayfii(i>iy<iiiinBli(l)**2  •» 

♦  ■iniaba)*1^2SAb(2)^3)*ji(i))  ♦ 

♦  Bi«ialO)*n*a2S*]<D**^(b(2>^<3)*aO*))> 

♦  •iimBa<i)**2*0^*b(3)*n/W2Mi(3)«*^^^ 

♦  0.01 

ddiBya0)iyfl<j)  iBi^<i) 
hB<|)dBtoOj,0-yfii(j) 
haBpdBtB<4jj)  aitmyftCi) 
iBBpdMafSdJHWtoy^') 

•c  — -»-  - 


i<lMb(2).b(l)**2Vb<3) 

i<2>.l*fc<lVb<3) 

i<3KlVb(3) 

ai9iMB(l>toqit(Bifimb(l  )**2*b(2)**2  ♦ 

♦  •i«&Bb(2)**2*bO>**2  4BW&Bb(3)*«2*(fa(lVt43»**2) 

Bi0nB^>aqn(Bi|^l)**2*(l/bO))**2  ♦ 

♦  •i«mbO)**2*(l*b(lVb(3)**2)**2) 

•i0iiaB<3>iaipmb(3Vb(3)**2 

c 

cvd(l>a(l) 

cvd(2Ki(2>>l  00.*^V¥1 ) 
cvd(3)-10000.*B(3V(B(l)*cvd(2)) 

•i^BBcvdCl  )mciDaB(  1 ) 

•icraacvd(2>aqii(Bi«iiBi(l)**2*(cvd(2y^l))**2  * 

♦  •ipxa^**2*(iyi(l))**2^ntfia^3)**2*(l01Va(l))**2) 

MCiHtovd(3)m)fi(a«im(l)**2*(cvd(3Vii(l))**24 

♦  »ijflm(2)**2*(1000(Wta<l)*cvd(2)))**2  ♦ 

♦  i«inBC«d(2)**2*(cvd(3^«d(2))**2) 

wnto(n.9Qli 

90  rarai(//.la,'(Uimtiaaofirmr,i3/AlK, 

♦  Tea^CCT)  BifCOBT  ReBMB(0)  iifmaR  Tc«lc(c) 

♦  ’aifTcalc  ^haTy,!*. 


do  110  j«l,|l|]lB 

writod  1,100)  ton^>,»i|niattn^),m(i.>),Bi|m«aO), 

♦  yfii(}),Bign)Byfh(i)jdBitByfit(j) 

100  foniiaKUyBJ,2x,n.6.2x,rtJ,2x.n.6,2x.ff.3,2x,n.6. 

♦  2x.nj) 

110  cotauB 

c 

wnto(n.l20) 

120  fofmBl(/,la.'CoBfficiBniBaf  Rt:*) 

130  fcBnial(lx,V,t],*»'^]4.6i,‘V*‘;Bl4.6) 

do  140  j«l,ntonnB 
wriied  1 ,130)  j.b(j),Biffnafa(j) 

140  ootaaB 
c 

wriled  1,141) 

141  ronil(/,U,t:dlmte'Vaid>mnCoe((k«tt7 
dol42)«l,3 

WTito(  1 1 , 143)  j,cvd(j),aiiniwd(j) 

142  cdauD 

143  flonaBl(la,'cv(f,il ■  >14d6,‘  ♦A  >14.<0 
c 

writo(l  1 ,1  SO)  cfa^ 

ISO  f(BniBi(/,U,'CSii>a((BBrad  ■  '^1.4) 

c 

writo(M90)i 

190  fonnBlCU.inniriad  fit  for  rtdf',i3) 


vr1ta(*,*)  'Writint  ^ 

A>230tol,10 

H*-i)*14 

writod  2W)  toby(labyj*l),k.l,S)J-l,l4) 

203  fannal(U.‘  TfmBB‘,al,'  ritTm ’.1 1(al .HiiBi'.il.Bl . 

♦  ‘liimlPyBgal  .Tcalc‘,i34l.'titTc'43,al  .'daffTUS)) 

do230kBl,BfNB 

writod  2,210)  itoiipft).tBb,BitaBtomp(k). 

♦  ((tabJtoBpduid  X(j^)).tBbJaHpdBi42jtyH)).tt^ 

♦  taipi«i(3Jtyy»l)).tobJmp<hto(4X(hl)).tBb. 
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SiS£ 


JS.S.14(al  .ffi.3#l  4*3^1.83^1. 

B3.ftl3l3)) 


if(<taL«q4).)iMi 

«rte(«.«)*afod 


c»a  8kn(nam».iii 
dol)li«l.mnat 
dol23  j«l.|MBn» 


fttbroutiiB  fit(tanm.xO^,nfy.^n^.yft.chiaqr) 


find  aew  panDBiDn 

do  140j*l;DMm 
i0)-AMt>0)) 
dol30kBl.yiieni» 

♦  dR{rt(il|te(jJ)«tlplii(k.k))) 


iidopr  nCwc.ijJtjyvi(aBHM) 

¥  yfn(iiptt).i  liiMf  jiiiiiio.i(n>imw) 

doi^  ptocskn  ■rray(irtBn».ntenm)4lpMntBRni/><5nn). 

♦  boti(iaBnBf)^tv(B>Bnni),««i^t(npO)/chiaqrl, 

♦  II  liio|i?.ittimmi  ftrai  iiIrTjf  lnrt  lirr^nrTTw  rtnnni) 

»  fK<ntenm.nlBnni).dBtl,dBt2.umt(nlBRiii.DtBnm) 


do  147 1*1.1^ 
M»dUe(t(2)ydUo(MO)) 
if  (tB«JeJt(0)  dMB 
•(2W2*i(2> 
i(3>i^H).2*obi(a(3)) 
foco  145 


dt«nimadUe(  guram) 
fchiK|rl^. 
rchio^Z^O. 
nAoesopO-memu 

do  5 

•>eiiWiViydtto(i4y(i)**2) 


do  20  ixl.niBnn 
beto(iH)- 

do  10i«l.i 
•IpfaoCijMl- 


do30i«ljt^ 
c«0  tfaefiaMkn(ji(i),b,yf) 
yft(i>m|l(y0 


dodOialjiqits 
can  fdBriv(a(i)4b.dBriv) 
do  SO  j^ljownn 

beta(j)  ■  bala(0^««i^<(0*A>My<i)-yOt(0)*dBriv(j) 
do40k-lj 

alp^jL>i«lpbiO>k>>««i^t(i>*dBriv(j)*dBriv(k) 


dolSOi*  Ipiqpta 
call  dieFiinctia<x(i).a.yO 
yr«(i)m)|l(y0 


dol60isl.i^ 

ichia92:mJuaqr2-f  wcigbl(i)*dbk((y<i>‘yfi4i))*  *2) 
3  ccwtawe 
bvt  ■<MB(a£m) 
rchiaqr^cbiaqr2/fm 
cbiiqranfi(rchtBi)r9 

if  (fcbiaqrl  Jt  Jcfaiaqr2)  tbn 
rchia^2)4).0 
d|an]tna«10.*dKafma 
goto  100 
ecdif 

do  nOjBl.niBnna 
b(j>>oi(j) 


dgangiM*dgaiiaiianO. 

gunmarni^Cdganma) 

c 

200  lotura 
end 


do  80  jsl  .iKnm 
do70k«lj 
alphi(kJ><lphaOJK} 


•ibrautine  to  evaluak  derivtffvco 
aubraatinB  f^ri^x.b,(fefiv) 


c  fnd  d«B  chi  S4{ttaie  valaa 
c 

do90  isl.nptt 

rchii^lsocliia^l  ♦««ig)]l(i)*dbie((y(i>yrit(i})**2) 
90  continne 

6oemftle(nfi«B) 
rchiaqrl  wchiBqrl/fm 
c 

c  Main  Search  rcwtoB 
c 

100  dol20j«l4)ianm 
do  110  kal^MW 

■my(j.k)i«lrha()4t)Ala7i(al|>ha(jJ)**lpba(k») 
110  ccntinae 

anayO  j)*  1  .♦dganuna 
120  ccntiruB 


ml  x.b(irtBnnB) 

douUe  pnciakB  denv(inBn»i),feei 

dBrh<lV*l- 
MlaAle<fa(2)-b(3)^) 
if  (wtle.O.)  thn 
wrilBf*.*)  'nog  aqpi  in  fMv* 

toatel. 

enSf 

dBrM2>-U<b9ft(lBal) 

<fenvOHMe(aV(bc|r<toat) 


dol22iel;RiHnia 
do  121  i«l.iMnm 
aiiaKiJ>«ni)<ij} 


ctf  Jlbg(i«mta.atiiat,nlwini4ac.ntBm».yvt) 
call  8Mig(idBnni.fbc4ilanni.ipvt.drtl  .dat^ 

^-dMl*10«*dr2 


wbraittn  toevaloalB  te  fining  hnctkD  far  fit  a 
fubroutinB  tfaBhnictiaidx.b.y) 


ml  b(fnBnna).s 
dmiMa  pmiaMn  y4BM 

M.dMoO<2»HMa(K3))*dMo(B) 
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writo(*.*)  'S<p  of  Bg  i 'm  lub.  tfaefuncta' 
sndif 


y-dUe(ta(l)HM|rt(M) 


B.  Calibration  Error  Program.  The  following  printout  of  program  CALTEST  shows 
the  FORTRAN  program  written  to  calculate  the  final,  total,  maximum,  RTD  calibration 
uncertainty. 


{wogmcalto«S 

iniBgoc  ijXi/n,c6l(4),ikaep(4,lOO) 
imI  dl,d243,<M4S^2,140)^140).dK2.140). 
M«y<2.l40).b(2,l403)/llwg>(14<». 
cvd(2.1403)jcy<i(140^)^140) 

mil  MA^  AfAm  AfAA  MM  An^  ^M  tkAA 

clM«caer*8  flag 

cfaaiBcter*!  cob 

read  in  callxitian  <ltfa 

wrile(*.*)  'Reading  data' 

apen(  1 0.nk»'(flcBe.c«l  .daijnlfiual  1  .dal'gitatu^olif) 
apeei.  1 1  ,flk«l*taaBxal  Atlnlfiual2,dit‘,aatu^dd') 


50  read(  1 0,'(  1  x^aSy^reuUl  1 0)  flag 

if  (flagjaq.'CalthnO  tm 
do  SS  ib>1,I7 
feaddO.'taSn  flag 
S5  c<rtintte 

read(10.60)  dl  .<a/f3.d445,at(l  AdlO.i) 

60  f<vnM](U,ffl.3,2x,r8.6,^,SJ.2B.f8.6.2)i.f8.3.2x.f8.6. 

doTOjxl.fl 
read(10.'(a8)*)  flag 
70  ccKBinue 

80  foctna((6Rjel4.6) 

<jb90j>1.3 

read(\0;l0)b(\4j) 

90  conUnuB 

readdO.taSn  flag 
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end 


B.3.  Calibration  Results 


A.  Summary.  The  calibration  results  showed  an  average,  combined  statistical  and 
experimental,  RTD  calibration  error  of  slightly  under  0. 1  “C  and  good  statistical  agreement  of  the 
data  with  the  calibration  equation.  Over  the  range  of  resistances  and  temperatures,  the  data  showed 
no  hysterisis,  little  scatter,  strong  repeatability,  and  good  agreement  with  the  calibration  curve.  The 
average  total,  maximum,  combined  statistical  and  experimental,  RTD  error  was  0.09®C,  within  the 
desired  range  of  0.1°C.  More  than  96  percent  of  the  RTD’s  had  a  reduced  chi-squared  under  one, 
the  value  which  is  usually  taken  as  the  benchmark  near  or  below  which  a  fit  is  considered 
statistically  reasonable.  Approximately  77  percent  of  the  RTD's  had  both  total  error  under  0.1  °C 
and  reduced  chi- squared  less  than  0.616,  the  value  for  which  there  exists  a  95  percent  probability 
that  a  random  sample  will  have  as  large  or  larger  chi-squared. 


B.  Full  Results.  Shown  in  table  B.l  are  the  full  results  of  the  calibration.  For  each  RTD 
are  listed: 

•  X^A',  the  reduced  chi-squared  of  the  second  calibration; 

•  o^TciI2.  the  maximum  uncertainty  in  temperature  calculated  from  the  second  set  of  fit 
coefficients  via  equation  B.9; 

•  ^cvD2»  the  maximum  uncertainty  in  temperature  calculated  from  the  second  set  of  fit 
coefficients  via  iteration  of  equation  B.l 

•  AT2,  the  difference  between  the  maximum  temperature  measured  with  the  liquid-in-glass 
thermometers  and  that  calculated  via  the  second  calibration  constants  from  the  resistance  measured 
at  that  point  in  the  calibration  process; 

•  ATcai,  the  maximum  difference  between  the  temperatures  calculated  from  the  first  and 
second  sets  of  calibration  constants; 

•  utu*,  the  total,  maximum  uncertainty  given  by  the  sum  of  OTcid2  and  ATcai; 

•  the  second  set  of  fit  coefficients  Rq,  ot,  and  5;  and, 

•  the  second  set  of  fit  coefficients  bi. 
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B.  Full  Results.  Shown  in  table  B.l  are  the  full  results  of  the  calibration.  For  each  RTD 
are  listed: 

•  the  reduced  chi-squared  of  the  second  calibration; 

•  Otcu,  the  maximum  uncertainty  in  temperature  calculated  from  the  second  set  of  fit 
coefficients  via  equation  B.9; 

•  CfTcvm.  the  maximum  uncertainty  in  temperature  calculated  from  the  second  set  of  fit 
coefficients  via  iteration  of  equation  B.l 

•  AT2,  the  difference  between  the  maximum  temperature  measured  with  the  liquid-in-glass 
thermometers  and  that  calculated  via  the  second  calibration  constants  from  the  resistance  measured 
at  that  point  in  the  calibration  process; 

•  ATcai,  the  maximum  difference  between  the  temperatures  calculated  from  the  first  and 
second  sets  of  calibration  constants; 

•  UTw,  the  total,  maximum  uncertainty  given  by  the  sum  of  OTcu  and  ATcai; 

•  the  second  set  of  fit  coefficients  Rq,  ot,  and  5;  and, 

•  the  second  set  of  fit  coefficients  bi. 
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A.  Static  Pressure.  A  Setra  model  370  digital  pressure  gage,  accurate  to  20  Pa,  was  used 
to  read  static  pressure.  The  accuracy  of  the  factory  calibration  was  verified  with  Logan  Airport 
pressure  data.  The  gage  was  read  visually  via  its  LCD  display  and  the  results  were  entered  into  the 
READPRESS2  program  before  taking  velocity  measurements.  During  velocity  measurements,  if 
the  reading  changed  by  more  than  10  Pa,  the  program  was  stopped  and  rerun  with  the  new  value. 
In  the  majority  of  velocity  measurement  runs,  these  changes  occurred  infrequently  and  so,  it  was 
assumed,  did  not  compromise  the  accuracy  of  the  measurements. 


B.  Dynamic  Pressure.  Dynamic  head  of  the  flow  was  measured  directly  with  pitot-static 
probes  and  a  boundary  layer  probe  via  an  MKS  Barotron,  type  310  CD-100,  differential  pressure 
transducer.  The  transducer  was  read  with  a  type  170M-6C  MKS  Barotron  Signal  Conditioner  and 
type  170M-27C  Digital  Readout,  accurate  to  ±  0.08  percent.  The  readings  were  performed 
through  a  Graphon,  type  GO-230  VDT,  over  a  DEC  Vaxstation  H,  running  the  VMS  operating 
system,  using  the  FORTRAN  77  subroutine  BARATN  written  by  Philip  Lavrich  and  the 
FORTRAN  77  program  READPRESS2. 

The  accuracy  of  the  pressure  tubing  and  transducer  apparatus  was  fully  verified.  The 
accuracy  of  the  transducer  itself  was  verified  with  an  inclined  manometer.  The  absence  of  leaks  in 
the  tubing  from  the  probes  to  the  transducer  was  verified  by  overpressurizing  the  system  and 
measuring  the  drop  in  pressure  with  time.  The  effect  of  the  tubing  on  the  pressure  readings  was 
validated  as  being  less  than  the  error  range  of  the  instrumentation  by  comparing  readings  with  and 
without  the  tubing  in  place. 

A  pressure  variation  check  algorithm  was  used  to  ensure  that  the  transducer  was  accurately 
reading  the  probe  pressure.  Due  to  the  length  of  the  tubing  between  the  probe  and  the  transducer, 
pressure  changes  at  the  probe  took  several  minutes  to  be  fully  measured  at  the  transducer.  To 
ensure  that,  when  the  pressure  taps  were  used  to  switch  from  probe  to  probe  or  the  boundary  layer 
probe  was  moved  across  the  boundary  layer,  the  true  steady-state  was  being  measured,  a  variation- 
check  algorithm  was  built  into  the  program  READPRESS2.  In  the  velocity  measurement 
subroutine  AVEPRESS,  two  sets  of  the  average  of  ten  velocity  measurements  were  taken  and 
their  percent  difference  written  to  screen.  As  the  pressure  taps  were  adjusted  or  the  probes  moved, 
the  variation  and  then  asymptoting  of  the  probe  pressure  to  a  new  steady  state  value  could  thus  be 
noted.  When  the  difference  was  less  than  0.5  percent,  it  was  assumed  that  steady  state  had  been 
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reached,  and  the  actual  measurement  was  taken.  This  stabilizing  process  usually  lasted  anywhere 
from  2  to  5  minutes,  depending  on  the  magnitude  of  the  change  in  probe  pressure. 

The  approximation  for  dme-averaged  dynamic  pressure  used  in  the  experiment  was  the 
average  of  31  readings  taken  over  a  period  of  approximately  45  seconds.  Actual  time-averaging 
was  not  used  because  of  the  complexity  and  error  inherent  in  realizing  such  a  process  on  the 
particular  equipment  used. 

C.  Turbulent  Intensity.  Turbulence  levels  were  measured  with  a  TSI,  model  1213-20, 
hot  wire  probe  via  a  Dantec,  type  56C17,  CTA  Bridge  and  type  56C01  Mainframe  both 
graphically  and  numerically.  Readings  were  taken  visually  using  a  Tektronix,  type  555,  Dual 
Beam  Oscilloscope  and  numerically  using  the  NEC  PC  described  above,  running  ILS,  via  a  Data 
Translation,  type  DT2821,  20  channel,  A/D  board. 

C.2.  Momentum  Transfer  Analysis  and  Error  Analysis  Methodology 

A.  Introduction.  Various  momentum  transfer  boundary  layer  parameters  were 
calculated  from  the  velocity  profiles  measured  with  the  boundary  layer  probe  and  the  pitot-static 
freestream  probes.  Using  Bemouilli's  equation,  velocity  was  calculated  from  the  measured 
dynamic  head  and  the  density  given  via  the  state  equation  from  ambient  pressure  and  temperature. 
The  measured  height  of  the  boundary  layer  probe  above  the  test  walls  was  adjusted  for  the 
effective  center  displacement  due  to  the  total  pressure  gradient  in  the  boundary  layer.  The 
boundary  layer  thickness  was  calculated  via  interpolation.  The  momentum  and  displacement 
thicknesses  were  calculated  by  numerical  integration  of  the  boundary  layer  velocity  profile.  The 
coefficient  of  skin  friction  was  calculated  from  a  nonlinear,  least  squares  fit  of  the  log  law  to  mean 
boundary  layer  velocity  profiles  fore  and  aft  of  the  test  sections.  As  mentioned  in  section  6.  l.B, 
this  technique  is  a  numerical  implementation  of  the  Clauser  plot  graphical  method.  Coefficient  of 
drag  was  calculated  by  integrating  coefficient  of  skin  friction  across  the  test  sections.  The  error 
analysis,  performed  using  the  methodology  discussed  in  Appendix  A,  indicated  that  the  results 
were  good  to  plus  or  minus  4  percent,  exactly  equal  to  the  benchmark  value  given  in  Harotinidis 
(1989)  as  what  should  be  expected. 

B.  Calculating  Velocity  from  Dynamic  Head.  The  measured  dynamic  head  and  density 
calculated  from  ambient  pressure  and  temperature  using  the  equation  of  state  were  converted  to 
velocity  via  Bemouilli's  equation.  Bemouilli’s  equation  gives: 


The  density,  p,  can  be  found  from  the  equation  of  state: 
P 


P  = 


RT’ 


where  R,  the  gas  constant  for  air,  is  given  by: 

R  =  3i 

M’ 

using  SH,  the  universal  gas  constant,  and  M,  the  molecular  weight  of  air.  Thus: 


(C.2) 


(CJ) 


(C.4) 

where  (Po  -  P)  is  the  notation  used  to  symbolize  the  average  of  3 1  dynamic  head  measurements. 
The  uncertainty  in  velocity  due  to  experimental  error,  statistical  uncertainty,  and  actual  fluctuation 
of  the  velocity  itself  is  given  by: 


V2  9u^  2 

U  -  +  U/D  D\ 

P3p 


du 


a(p -p)  ’ 
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where  the  absolute  values  of  the  partial  derivatives  are: 
du 


dp 


/l(Po-P)' 

3  ’ 


(C.6) 


and: 


du 


a(p.  -  p) 


=  (2p(p<,-p)) 


(C.7) 


The  errors  in  p  and  (Po  -  P)  are: 


and: 


where: 


/  2  dp^  2  dp^' 


“(Po  -  P)  ~  ^Po  -  P)  Vo  -  P)’ 


(C.8) 
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p 

^  (9i/M)T^’ 

Up  =  20  Pa, 

Op  =  0.05  K, 


0.0008  (P^  -  P) 

V-f)  jjf  • 


(C.ll) 

(C.12) 

(C.13) 

(C.14) 


S(Po  -  P)  is  the  standard  deviation  of  the  3 1  dynamic  head  measurements,  and  the  2.04  factor  is  the 


t95  value  for  30  degrees  of  freedom.  The  same  formulae  were  used  for  both  freestream  and 


boundary  layer  velocity  calculation. 


C.  Calculating  Boundary  Layer  Probe  Placement.  If  a  pitot  probe  is  subjected  to  a 
gradient  in  total  pressure  in  any  direction  other  than  parallel  to  the  probe,  the  effective  center  of  the 
probe  is  displaced  from  its  geometric  center  towards  the  region  of  higher  total  pressure.  As 
mentioned  in  Benedict  (1984),  this  displacement.  Sec.  for  a  square-edged  pitot  tube  can  be 
described  by  the  empirical  formula  given  by  Sami  (1967); 

5  , 

-^=  1.025  K- 4.05  K  , 

(C.15) 

for  K  <  0.3,  and; 


5 

-^  =  0.195, 

(C.16) 

for  K  >  0.3,  where  D  is  the  outside  probe  diameter  and  K  is  a  shear  parameter  defined  to  be; 
^_D(Au/Ay) 

^  2u  ■ 

(C.17) 

The  velocity,  u,  and  the  velocity  differential,  Au,  for  the  experiment  were  approximately  10  m/s; 
the  height  above  the  test  plates.  Ay,  was  approximately  0.0254  cm;  the  outside  diameter  of  the 
probe,  D,  was  2.5xlO-2±5xlO'^  cm.  Thus,  K  was  approximately  0.01±0.01,  which  gives  (5ec/D) 

=  0.01±0.01  or  Sec  ®  2.5x10-^  cm.  Fortunately,  this  displacement  is  tiny  for  the  flow  conditions  of 
the  experiment,  and  so  the  large  uncertainty  in  its  magnitude  does  not  significantly  degrade  the 
probe  placement  accuracy. 

The  position  of  the  effective  center  of  the  boundary  layer  probe,  the  position  of  the  pressure 
measurement,  can  be  determined  from  the  distance  between  the  test  wall  and  the  lower  lip  of  the 
probe,  the  outside  diameter  of  the  probe,  and  the  effective  center  displacement.  The  probe 
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placement  vernier  reading,  y^,  was  calibrated  with  the  distance  between  the  lower  probe  lip  and  the 
test  wall  by  zeroing  the  probe  against  the  wall  to  determine  the  zero  distance  vernier  reading,  y  vo- 
The  actual  distance  between  the  position  of  pressure  measurement  and  the  wall  is,  therefore: 


y  =  (y  -y  )+  —  D  +  6  . 

J  '•'v  •'VO  '2  **• 


(C.18) 


The  yvo  was  determined  before  each  boundary  layer  traversal,  at  which  time  it  was  entered  into  the 
program  READPRESS2.  Before  each  pressure  reading,  yv  was  read  and  entered  into  the 
program,  which  then  automatically  calculated  y.  The  uncertainty  in  this  distance  y  is 


However: 


and: 


so  that: 


u  *  /u^  +  u^  +  Uq  /4  +  u^  * . 
y  yj  y.  y«  d  6„ 


u  =u  =0.005  cm, 

Yv  Yvo 

Up  =  0.0005  cm, 


u^  =0.00025  cm, 


u  =  0.0071  cm 

Y 


(C.19) 
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(C.22) 
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D.  Interpolating  for  5.  A  searching  algorithm  was  incorporated  into  VPFIT?  to  find  the 
y  position  with  u  closest  to  but  greater  than  0.99  Ue  and  the  y  position  with  u  closest  to  but  less  than 
0.99  Ue.  The  standard  interpolation  formula  was  then  used  to  find  the  y  for  u  equal  to  0.99  u*.  The 
error  propagation  formula  was  then  applied  to  this  equation.  The  simple  but  lengthy  resulting 
equation  may  be  found  in  the  subroutine  BLCALC  in  BLCALC.FOR. 

An  attempt  was  made  to  use  an  alternate  method  of  determining  5  but  was  halted  by 
problems  with  the  nonlinear  iteration  needed  to  perform  it.  As  mentioned  in  Section  6,  researchers 
such  as  Reynolds  et  al.  (1958)  have  made  the  observation  that  if  a  least  squares  fit  of  the  power 
function  equation  6.3  is  performed,  then,  via  equation  2.32,  the  boundary  layer  thickness  is  given 
directly  by  equation  6.4.  This  method  has  a  much  sounder  basis  than  interpolation  because  it  uses 
information  from  the  whole  boundary  layer  instead  of  just  two  points.  However,  some 
peculiarities  inherent  in  this  technique  became  evident  which,  although  they  could  possibly  have 
been  worked  out  given  the  time,  the  author  felt  were  reason  enough  to  regard  its  results  with  some 
suspicion.  First,  path  dependent  iteration  was  necessary  to  obtain  similar  initial  and  final  values  for 
5.  With  iteration,  the  problem  is  essentially  the  minimization  of  a  nonlinear  function  in  one 
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dimension,  the  solution  of  which  is  path  dependent.  An  attempt  was  made  to  apply  the 
Levenberg-Marquaidt  nonlinear  least  squares  soludon  methodology.  Unfortunately,  this  was 
unsuccessful  due  to  time  constraints.  Second,  when  profiles  artificially  generated  from  the  wake 
law  with  varying  percentages  of  random  perturbations  were  analyzed  with  the  program,  linear 
interpolation  was  found  to  be  a  more  reliable  predictor  in  about  70  percent  of  the  cases.  It  is  quite 
likely  that  this  was  due  to  the  author's  particular  methodology,  which  time  constraints  prevented 
being  improved.  For  this  reason,  the  results  of  this  method  are  not  treated  in  any  detail  and  not 
used  in  the  estimation  of  Cf. 


E.  Integrating  for  6  and  5*.  A  simple  trapezoidal  approximation  was  used  to  integrate 
the  velocity  profile  to  determine  momentum  and  displacement  thicknesses.  For  n  measurements, 
the  trapezoidal  approximation  of  equation  2.32  is: 


where: 


(C.24) 


(yi-Vi.! ) 


and: 


h.  H 

'  5 


u. 

f  s  1  -  — . 


The  approximation  for  equation  2.30  is: 

f  =ZThi  (gi+gi.i  X 

O  1-"'  *■ 


where: 


(C.25) 


(C.26) 


(C.27) 


f 


The  uncertainty  in  the  first  integral  is 


(C.28) 


8/5  V  ^2  ^  1  - 1  ^  2  ^  i  -  3  'i  2  1  I  + 1 '  J  2  ' 


(C.29) 

The  error  in  the  second  integral,  ue/s,  is  the  same  except  that  g  replaces  f.  These  dimensionless 
integrals  were  converted  to  dimensional  form  by  multiplying  by  5,  with  the  resulting  dimensional 
error  given  by: 
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F.  Determining  Skin  Friction.  The  three  methods  of  using  equation  6.1  to  determine  Cf 
were  taken:  solving  it  numerically  at  S;  performing  a  nonlinear,  least  squares  fit  of  it  to  the  data 
with  Cf  as  the  coefficient  of  the  fit;  and,  performing  a  nonlinear,  least  squares  fit  with  both  5  and 
Cf  as  coefficients. 

First,  equation  6. 1  may  be  evaluated  at  8  and  solved  with  a  simple  Newton  root  finder  by 
rewriting  it  as  equation  6.2.  This  method  is  referred  to  by  the  author,  somewhat  incorrectly  but  fw 
convenience  sake,  as  Coles-Hirst  method  number  one  (C-Hl).  Unfortunately,  the  method  is 
subject  to  the  inaccuracies  of  determining  8,  the  inaccuracy  of  which  is  detailed  above.  Since  the 
slope  of  the  velocity  profile  in  this  region  is  very  large,  this  inaccuracy  is  quite  high.  The  accuracy 
in  Cf  calculated  by  C-Hl  is  thus  limited  to  the  accuracy  of  the  interpolation  for  8  and  so  its  worth 
lies  mostly  as  an  indicator  of  the  accuracy  of  the  interpolated  8.  The  formulae  for  the  error  in  this 
Cf,  derived  in  the  same  manner  as  equations  B.31  through  B.40,  may  be  found  in  subroutine 
blcalc. 

The  second  method  is  a  nonlinear  least  squares  fit  of  equation  6.1  with  the  single 
coefficient  Cf,  denoted  as  method  C-H2.  The  third  method  adds  the  extra  coefficient  n  and  is 
denoted  as  method  C-H3.  As  mentioned  in  Section  6,  the  latter  method  was  chosen  as  the  most 
accurate  for  four  reasons  based  on  the  results  of  a  Monte-Carlo  analysis.  The  first  is  that 
though  the  tunnel  was  designed  for  zero  pressure  gradient,  in  general  some  finite  pressure 
gradients,  albeit  very  tiny  ones,  did  exist  in  the  test  segment  due  to  the  discarding  of  the  variable 
wall  angle  design  feature  and  the  limitations  of  wail  adjustment  The  second  method  is  unable  to 
account  for  this.  Second,  variation  in  the  extra  coefficient  allows  adjustment  of  the  wake  law 
function  to  fit  the  aggregate  of  data  in  cases  where  the  value  of  interpolated  8  is  inaccurate.  Third, 
it  was  found  to  be  a  more  reliable  predictor  approximately  75  percent  of  the  time  when  used  to 
analyze  wake  law  generated  profiles  with  random  perturbations  in  a  Monte  Carlo  type  analysis. 
Fourth,  it  was  found  to  be  more  accurate  in  100  percent  of  the  analyses  of  wake  law  generated 
profiles  with  no  random  perturbations,  especially  as  the  number  of  generated  sample  points 
decreased.  Indeed,  fairly  extensive  Monte  Carlo  testing  of  the  VPFfn  program  with  wake  law 
generated  profiles  indicated  that  this  latter  method  was  accurate  on  average  to  within  3  percent  for 
random  perturbations  in  velocity  as  large  as  15  percent  and  to  within  0.25  percent  for  perturbations 
less  than  2  percent.  For  no  perturbations,  it  was  accurate  to  within  0.01  percent  for  numbers  of 
generated  sample  points  as  low  as  8. 

The  Levenberg-Marquardt  method  outlined  in  Appendix  A.2.C  was  used  to  perform  the 
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nonlinear  least  squares  fit.  The  calculation  of  the  error  in  Cf  determined  in  this  manner  was 
performed  by  the  fitting  subroutines  directly  using  the  inverted  curvature  matrix. 


G.  Integrating  for  Drag.  Two  approaches  were  taken  in  determining  the  Q  from  Q. 
The  first  of  these  was  simple  integration  using  the  trapezoidal  approximation.  The  second  was 
integration  using  some  assumed  function.  While  the  trapezoidal  method  is  less  sensitive  to  error 
propagation,  it  tends  to  overestimate  drag.  Calculations  with  the  the  assumed  function  method 
indicated  that  this  overestimation  was  negligible. 

The  ratio  of  coefficient  of  drag  of  the  ribleted  plate  to  that  of  the  flat  plate  is  given  by 
equation  6.7.  The  integrals  of  skin  friction  in  this  equation  must  be  calculated  numerically  from 
the  the  measurements  fore  and  aft  of  each  of  the  two  test  sections.  The  first  method  used  to 
calculate  this  integral  was  a  simple  trapezoidal  approximation  given  in  equation  6.8.  Essentially, 
the  method  is  just  the  use  of  a  straight  line  fitted  between  the  two  points  to  calculate  the  integral. 
Since  it  is  known  that  the  variation  of  Cf  with  streamwise  distance  is  not  linear,  some  inaccuracies 
are  inherent  in  this  method.  The  calculation  of  the  error  propagation  through  equation  6.8,  the 
equation  for  which  may  be  found  in  subroutine  DRAGCALC  in  the  file  CALCDRAG.FOR,  is 
quite  simple. 

The  variation  of  Cf  with  streamwise  distance  is  actually  closer  to  that  of  equation  2.40.  If 
the  function  equation  6. 10  is  assumed  to  describe  this  variation,  then  the  constants  a  and  b  can  be 
determined  from  the  two  measured  values  of  Cf.  Evaluating  equation  6. 10  at  xi  and  X2  and 
solving  for  a  and  b  gives  equations  6.1 1  and  6.12.  With  these  constants,  the  integral  of  Cf  is  given 
by  equation  6. 13.  However,  although  this  method  avoids  the  overestimation  inherent  in  a  linear 
approximation,  the  error  propagation  due  to  the  methods  of  calculating  the  constants  overshadows 
this. 

This  error  in  Cd  propagation  through  equation  6,13  can  be  determined  fairly  simply  in 
steps.  If  the  definitions: 


r 


(C.31) 


and: 


are  made,  equation  6. 1 1  becomes: 

I.  _  ^ 


(C.32) 


(C.33) 
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so  that- 


where: 


and; 


(C.34) 


(C.35) 


Equation  6.12  may  be  used  to  derive: 


With  these  values,  the  error  in  Q  is  thus  given  by: 


{C.36) 


(C.37) 


(C.38) 

Since  the  magnitude  of  this  error  is  fairly  large,  the  use  of  Q  calculated  in  this  manner  is  restricted 
to  a  double  checking  the  trapezoidal  approximation.  The  results  indicated  that  the  difference 
between  the  two  methods  was  very  minor,  much  smaller  than  the  error  propagation  through  either 
equation.  The  error  in  the  ratio  of  the  drag  of  the  ribleted  plate  to  that  of  the  flat  plate  is  found  very 
easily  from  the  errors  in  both  drags. 


H.  Calculating  Riblet  Spacing  in  Wall  Units.  Local  s*^  is  easily  calculated  via  equation 
2.15  and  2.1 1  once  Cf  is  known.  The  calculation  of  the  error  propagation  through  these  two 
formulae,  the  equations  for  which  may  be  found  in  the  program  VPFFn,  is  very  straightforward. 
Since  Cf  varies  quite  slowly  with  x,  s+  is  approximately  constant  across  the  test  sections.  In 
addition,  the  values  of  s+  on  the  ribleted  test  section  are  quite  close  to  those  on  the  ribleted  test 
section.  Thus,  if  we  are  interested  only  in  an  approximate  value  of  s+  to  characterize  the  test  results 
at  a  particular  test  condition,  it  is  quite  reasonable  to  take  the  average  of  the  four  s^'s  calculated  with 
the  four  Cf  s.  To  extend  this  to  a  function  of  s+  versus  Reynolds  number  for  the  purpose  of 
calculating  s"*^  for  the  Ch  measurements,  a  least  squares  fit  of  equation  6.10  can  be  made  to  the 
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riblet  skin  friction  data.  Since  this  method  is  based  on  an  approximation  which  is  only  good  to  .5 
or  10  percent  (i.e.,  that  s"^  is  constant  in  the  two  test  sections),  no  rigorous  error  propagation 
calculations  were  performed  on  the  curve  fit  coefficients. 

I.  Measuring  Freestream  Turbulence.  Several  linear  calibrations  with  velocity 
measured  via  the  pressure  transducer  were  used  to  transform  hot  wire  voltage  into  velocity.  A 
generalized  form  of  King's  Law  relating  mass  flow  to  the  fourth  power  of  the  voltage  is  usually 
used  to  calibrate  hot  wires.  However,  the  form  of  the  equation  is  rather  inconvenient  for  simple 
least  squares  regression.  Since  the  item  of  interest  is  a  small  fluctuation,  a  linear  approximation  in 
a  small  velocity  range  is  sufficient  to  resolve  the  fluctuation  at  the  velocity  at  the  middle  of  the 
range.  Repeated  linear  fits  in  various  velocity  ranges  can  be  made  to  measure  the  fluctuation  over 
the  whole  range  of  freestream  velocity.  For  linear  calibration  ranges  of  0.7  to  1.0  nVs,  the 
coefficient  of  determination  was  approximately  0.9,  close  enough  to  one  to  consider  the  linear 

approximations  reasonable.  Furthermore,  though  the  linear  approximation  will  tend  to 
underestimate  the  velocity  above  and  below  the  midrange  of  the  approximation,  due  to  the  higher 
order  variation  of  the  actual  curve,  the  error  in  the  magnitude  of  the  fluctuations  above  and  below 
the  midrange  velocity  will  tend  to  cancel  each  other  out.  The  time-average  value  of  2  seconds  of 
voltage  data  taken  at  27  kHz  at  four  different  velocities  was  used  for  each  calibration.  The 
turbulent  fluctuation  was  then  taken  to  be  the  root-mcan-square  fluctuation  of  the  velocity 
calculated  from  2  seconds  of  voltage  data  taken  at  27  kHz  at  the  velocity  at  the  middle  of  the 
calibration  range. 

C.3.  Momentum  Transfer  Analysis  Programs 

A.  Velocity  Measurement  Program.  Listed  below  are  the  various  program  units 
comprising  the  program  READPRESS2.  The  program  was  used  to  measure  freestream  and 
boundary  layer  velocity.  The  various  units  include: 

•  REGDEF.INC  and  READPRESS2.INC,  the  two  include  files  used  to  define  the  data 
structure  of  the  program; 

•  DRIVEREAD.FOR,  the  set  of  subroutines  for  driving  the  program  menus; 

•  READPRESS2.FOR,  the  main  set  of  subroutines  driving  the  dynamic  head 
measurements  and  performing  the  velocity  calculations; 

•  AVEPRESS.FOR,  the  subroutine  performing  the  stability  check  algorithm  and  calling 
the  pressure  reading  subroutine; 

•  BARATN.FOR,  the  subroutine  to  read  the  transducer  readout;  and, 

•  DRVl  l.MAR,  the  transducer  interface  handler  used  by  BARATN.FOR. 
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REGDEF.INC 


END 


C  IWCDEP.INC:  DeffaUtiont  iieedDd  for  acoBaing  dovks  Mgiaovt 
C  on  die  Qbut.  Tha  rouiinB  mul  fae  1  J^^Ced  with  te  naao  roatiiB* 
C  in  DRV!  IMAR.  Routine.  MAPQB,  muet  be  celled  hefote 
C  ecceu'ng  devwe  ra^etan.  MAPQB  aeefce  ■  map  to  the  Qbue 
C  !A)  apace  and  pula  the  vtmial  adJieaeea  far  the  cfevice  regiaen  ai 
C  COMMON /REGS/- 
C 

INTCOERM  DR1CSJ»10UJ)R11N. 
t  DRV!  1  fegiater  adtheam 

1  DR2CS.  OR20U.  DR2IN. 

2  DRVeS.  DRVOU.  DRVIN. 

3  HCSRA.  HDBRA.  HCSRB.  HDBRB, 

4  HCSRC,  HDBRC.  HCSRD.  HDBRD 
COMMON /REOS/  DRICS.  DRVOU.  DRIIN 

!  DRl  regialera  for  Scaovalw  il 

1  DR2CS.  DR20U.  DR2[N. 

!  INU  legtatera  fer  Scerrvalve  42 

2  DRVeS.  DRVOU.  DRVIN. 

DRV  legiaien  far  Tmveraer 

3  HCSRA.  HDBRA.  HCSRB.  HDBRB. 

!  DRl  regialBia  for  Bantron 

4  HCSRC,  HDBRC.  HCSRD.  HDBRD 
! (note:  DRV  11-Jlaa Siege) 

lNT^OeR*2  QETRfiO 
EXTERNAL  OETREG 
!  Function  to  lead  a  device  legiater 


READPRESS2.INC: 


*  READFRKSS.INC'  common  Mock  file  for  READPRESS2 


PARAMETFJl(R«2S7.0379) 

COMMON/PLAGS/  FLAG 

COMMON/ATM/  RHO.  SIGMARIK).  PO.  SIGMAPO.  TO,  SIGMATO 
COMMON/SEGDESCR/  TS1$.TS2S.TS3$.TS4S 
COMMON/M  ISC/  DUMMY 

REAL  RHO,SIOMARIIOJ>O.SIGMAPO.TO.SIGMATO 
REAL  HRAD.SIGMAHEAO.VGL.SIOMAVRL.SfHEXP 
REAL  SKJHSTAT 
INTEGER  U.K 

CHARACn«*X  TSIS.TS2S.TS3$.TS4$ 

CHARACTER*!  DUMMY 
1X)GICAL  flag 


DRIVEREAD.FOR: 


DRiVEREADPOR  • 

A  PROGRAM  TO  TAKE  VARIOUS  PRESSURE  READINGS 
wrrH  THE  MKS  BARATRON.  STORE  THE  DATA.  AND  CONVERT 
PROBE  PRF^SURE  MEASUREMENTS  TO  VELOCITY 

REQUIRES:  BARATNPOR 

DRVllMAR 

READn(RSS2K)R 

WRITTEN  BY  TIM  STONE  9/16/S9;  REVISED  1 2/1 3/S9 


PROGRAM  DRIVEREAD 
INfriALITE  PROGRAM 

CALL  mrr 

(NITIALITS  TUNNBl-  CONFIGURATION  DATA 
CALLCONRO 

CAIi,  UP  Tie  MF>nJ  DRIVER 
CAl.L  MRNDRV 


•  SUBROUTINB  TO  INITIAUZE  PROGRAM  VARUBLES  AND  CONST ANPS 


SUBROmiNE  INFT 

INOAJDE  *IUiADPRESS.INC 
CHARACTER*!  TEST 

CALLMAPQBO 

• 

R-AOw.TRUE- 

IP(PLAO)THBS 

OPEN(UNrrw9pILB-TOATA.DAT4TATUS-*NEW) 

WRrrE<9.5) 

5  PORMATCIX.'*****  READPRESS  MKS  BARATRON  PRESSURE 
READINGS 

A  /D 
ENDIP 

0 

6  WRITE!*.*)  enter  ATMOSPHERIC  PRESSURE  IN  PASCALS* 

READ!*.*)  PO 

S10MAPO-0.0002*PO 

WRrTE!*.*)  'ENTER  ATMOSPHERIC  TEMreRATURE  IN  CEIXIUS* 

RFAEK*.*)  TO 

TO.TO+273.I5 

SIGMATO^.05 

RHO-PO/(R*TO) 

SIOMARHO*SORT(!SIGMAPO/!R*TO))**2*<SIOMATO*PO/(R*TO**2))** 

2) 

WRrrE!*.10)  PO31GMAPO.T0, SIGMATO RHO.SIGMARHO 
1F!PLAG)  WRrTE!9,10)  PO.SIOMAPO.TO.SIGMATORHO.SIGMARMO 
10  PORMATU.lX.Po  « ’.£14^'  ♦/•  'EU  S.*  PaV. 

A  lX.To**J^.2,'f/>'.F4.2.'DegieceKe]vin'y. 

A  lX.Rho  s  ’.PS.b.*  ♦/•  ^FS.6;  Kg/m*3V) 

• 

WRITE!* .*)  ENTER  R  TO  RFJX)  RETURN  TO  CONTINUE- 
READ!  *.11)  TEST 
U  PORMAT!Al) 

IP  flESTEQ/R*)  GOTO  6 
TYPE  IS 

15  PORMATIlX.'READPRESS:  VELOCITY  MEASUREMENTS  WTTH  THE 
BARATRON*/, 

A  lX.  MAKE  SURE  THE  BARATRON  IS  SET  TO  READ  KPA'/.IX 

♦  ANDTHATTHERANGF.HEADMULTIRJERISSETTOO.I) 
RETURN 
END 


*  SUBROUTINE  TO  STORE  THE  TUNNEL  CONFIGURATION  DATA 


SUBROUTINE  CONFIG 

INCLUDE  RFADPRESS  INC 

TSl  U"i  FOOT  SFOMENT 
TS2S*TEST  SEGMENT 
TS3S-  IST  I  FOOT  SEGMENT 
TS45-7ND  1  FOOT  SEGMENT 
GOTOlOO 

1  WRJTE(*.!0)‘ISr 

10  F0RMAT!1X.ENIER  20  CHARACTER  STRING  DESCRIBING  THE  >3/. 

A  *  TUNNEL  SEGMENT  after  THE  3  FOOT  SEGMENT:') 

IS  FORMAT!A20) 

READ(*,15)  TS2S 
WRITE!  MO) ’2ND’ 

RFAD!*.15)  TS3$ 

WRrrB!*.  10)  ^RD 
RFAD!*.l5)  TS4j 

• 

WRrni!*.20)  TSIS.TS2$.  TS3$.  TS4$ 

20  PORMATX/.lX.TUNNEL  CONFIGURATION 

A  6X.*F1RST:  >X/.«C.*SECONO:  ’.AX/.eX.THIRD: 

A  eX.TOURTH:  >20/) 

TYPE  25 

23  FORMAT!!  X.*(F-Nn«  R  TO  REDO.  RETURN  TO  CONTDWE)  ) 

READC30)  DUMMY 
30  PORMAT(Al) 

IP  IDUMMYEQ.’R')  GOTO  1 

• 

100  IP(PI,AO)WRrTE!9.M)TSl$.TS2S.TS3S.TS4S 

RETURN 

END 
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•  SIJBROiniNB  TO  DRIVE  TW  MAIN  P '  OORAM  KCNU 

•••••••••••••••••••••••••••••*•••••«•••••••••••••••« 

SUBROiniNE  MBNDRV 

tNCLUDE  -RBADmESS.INC 
INIEOBR  CHOICE 


•  SUBROiniNE  TO  TOOOLB  THE  WRITE  TO  PLB  OPHON  OWfV 

SUBROUTINE  TOGWRITOPILE 
INCLUDE  READPRBSS.INC 
1  njio*jioTJ^o 


I  TYPE  10 

10  PORMAltlX.'RBAOPRESS:  MAIN  MENUV.IX. 

A  • - 7,1X. 

A  T:  TAKE  VELOCITY  MEASURBMENT/IX. 

A  *2:  TAKE  BL  PRESSURE  MEASUREMENT/IX 

A  '3:  CHANGE  WIND  TUNNEL  CONFIOURATION'y.lX, 

A  ‘4:  TOGGLE  WRHE  TO  RLE  OPnON*/.lX. 

A  ‘S:  EXITPROGRAM'y/.lX. 

A  BNTER  MENU  CHOICE  (I  Sn 

R£AD(*.20)  CHOICE 
20  PORMAT(I2) 

• 

IP  ((ai0ICE.GB.l)AND.(CH01CB.LE.4))  THEN 
IF  (CHOiCEEQ.l)  THEN 

CALL  VELMEAS 
ELSEIF  (CHOICE.EQ.2)  THEN 
CALLBLMBAS 
E1>SBIF  (CHOICE.EQ.3)  THEN 
CALLCONRO 

ELSE 

CALL  TOGWRITOPILfi 

ENDIF 

ELSEIP  (CHOICB.EQ.S)  THEN 
GOTO  1000 

ELSE 

TYPE  30 

30  PORMAT(lX.'INVALID  MENU  CHOICE- ENTER  ONLY  INTEGERS 
PROM  1  TO  S’) 

ENDIF 

GOTOl 


1000  IP  (FLAG)  CLOSE(UNIT«9) 

RETllRN 

END 


W  (FLAG)  THEN 
OPT-’ON’ 

0PEN(UNIT*93TATUS*1INKN0WN*) 

ELSE 

OPT**OPF 

cijosEaJNrr»9) 

ENDIF 

• 

WRIIBI*^)  OPT 

5  PORMAT(lX.THEWRnE  TO  PILE  OPTION  IS  TOGGLED ‘A3y. 

A  1X.YENTBR  R  TO  RETOOGLB.  RETURN  TO  CONTINUE)’) 
RfiAD(*.10)  DUMMY 
10  PORMATCAl) 

V  (DUMMY£Q.’R3  GOTO  1 

• 

RETURN 

END 


READPRESS2.FOR: 


READPRES52POR - 


WRITTEN  BY  TIM  STONE  9/1 


SUBROUTINE  TO  READ  THE  NECESSARY  PRESSURES  AND  OUITUT  • 
RESULTING  VELOCITY  AS  CHOSEN  IN  VELMEAS  • 


•  SUBROUnNE  TO  MEASURE  WIND  VEl.OCTTY  IN  THE  CENTER  OP  EACH 

•  OP  THE  POUR  TUNNEL  SEGMENTS 


SUBROUTINE  VELMEAS 

« 

INCLUDE  READPRESS.INC 
INTEGER  CHOICE 

• 

1  WRITEIMO)  TSIS.  TS2I.  TS3S.  TS4$ 

1 0  FORMAT!  1  X.'REAOPRESS:  VELOCITY  MEASUREMENT  MENIT/ 

A  IX; - - - 7. 

A  IX.’]:  \A2DJ, 

A  1X  2:  ’A20y. 

A  1X.‘3:  ’A20y. 

A  ix;4:  >20; 

A  lX.’S:  RETURN  TO  MAIN  MENU*;/, 

A  lX.ENTER  MENU  CHOICE  (1-Sr) 

R£AD(«,20)  CHOICE 
20  PORMAT(I2) 

• 

IF(CHOICe£Q.l)THEN 

CAIL  READVELTTSIS) 

ELSEIP  (CHOICB.BQ.2)  THEN 
CALL  R£ADVEL(TS2$) 

ELSEIF  (CHOICB.EQ.3)  THEN 
CALL  READVBiriSSS) 

ELSEIP  (aiOICB.fiQ.4)  THEN 
CAIL  RfiADVEL(TS4$) 

ELSEIP  (CHOfCE.EQ.S)  THEN 
GOTO  1000 

ELSE 

TYPE  30 

30  PORMATdX.’lNVAl.lD  MENU  OIOICE-  ENTER  ONI.V  INTEGERS 
PROM  1  TO  S’) 

OOTOl 

ENDIF 

« 

1000  RETURN 
END 


SUBROUnNE  READVEUTSEG) 

• 

IMPUCTT  INTEGER*2  (l-N) 

INCLUDE  REGDEF.INC 
INCLUDE  ’READPRESS.INC 
CHARACTER*20  TSEG 
CHARACTER  *6  PTYPE 

• 

1-25 

WRJTO^.IO)  TSEG 

10  PORMAT(]X;OPEN  THE  PRESSURE  VALVES  FOR  THE  ’^20/. 

A  IX, ‘(PRESS  RETURN  TO  CONTINUEy) 

READ(*.1S)  DUMMY 

15  PORMAT(Al) 

• 

16  CALL  AVEPRESS(HEAD,SIGMAHEAD,SlGHEXP.SIOHSTAT) 

• 

IF  (HEAD.LTi).0)  THEN 
22  TYPB2S 

25  PORMATdX.’ERROR  READING  VEL(X:rrY-  NEGATIVE  DYNAMIC 
HEAD’;, 

A  1X,’AB0RT.  TRY  AGAIN.  OR  CONTINUE?  (A.  T.  OR  Q  ) 

RFADCMS)  DUMMY 
IF  (DUMMYEQ.T)  THEN 
GOTO  16 

ELSEIF  (DUMMYEQ  A  )  THEN 
RETURN 

ELSEIF  (DUMMY  EQ.'C)  THEN 
HEAD«ABS(HEAD) 

ELSE 

TYPE  30 

30  PORMAT(lX.ENTERA,T.ORCONLr) 

GOTO  22 

ENDIF 

F.NDIP 

• 

VEL-SQRTT2.0*HEAIVRHO) 

SIGMA  VEL«S(^T(SIGMARHO**2*IIEAD/(L*RHO**3)* 

A  S10MAIIEAD**2/(2.*RH0*tlBAD)) 
SIGHSTAT-100.*$IOHSTAT/HBAD 
SIOHEXP«100.*SIGHUXP/HEAD 

• 

WUrTO'.M)  TSEG,  VEL.  SIOMAVEL,  SIOISTAT.  SIOHEXP 
35  PORMATOX.-VELOCmr 

*  •  M/S7.1  X.'STAT.  ERROR  -  ’.FS  A,’  VJ.VXP.  ERROR  < 

*  M.6,’  %V.IX. 
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*  R  TO  RETAKE  1>1E  MEASUREMENT.  RETUiU^ 

CONTINtTBy) 

READ(*,1S)  DUMMlT 
(F  (DUMMYEQ.'R’)  OOTO  16 

IF  (FLAG)  WRrrE<9,40)  TSEO,HEAD,SIGMAHBAD,VEL.SIGMAVEL 
40  PORMAT(/.]X.'VBLOaTY  MEASUREMENT  IN  THE 
A  DYNAMIC  HEAD  -  ‘.E12.4;  V*  \B12.4;  PASCALS7.1X. 

A  -vEixxrrrY  •  .psa;  ♦/■  m/s*) 

• 

RETURN 

END 


SUBROUTINE  TO  MAKE  BOUNDARY  LAYER  VELOCITY  MBASUREMBN  • 


SUBROUTINE  BLMEAS 

• 

WPLIOT  lNTBOER*2  (l-N) 

(NCLUDE  RBGDEF.INC 
INCLUDE  RBADPRESS.INC 

REAL  X.YM(0:99).YA(99).Z,SIGX.SIGYM.S10YA.SIGZ 
INTEGER  NAVG 
CHARACTER*!  SIDE 
CHARACrER*20  PNAMB 

• 

SIGX-0.Q05 

S1GYM«0.005 

SIGZ-O.OOS 

SIGYA*SQRT(2.)*SIGYM 

• 

TYPE  1 

1  FORMATCIX.'OPEN  THE  BL  PROBE  PRESSURE  VALVE  AND  THE'y, 
A  IX/APntOPRlATE  STATIC  PRESSURE  VALVE'/ 

A  1X;(PR£SS  RETURN  TO  CONTINUE)*) 

READ(«,t40)  DUMMY 

• 

IF  (FLAG)  THEN 
TYPE  10 

10  PORMATtlX.ENTER  TBL  VEL  DATA  FILENAME*) 

READ(*,20)  PNAME 
20  PORMAT(A2D) 

OPEN(UNIT*l  O.PILE-PNAME.STATUS**NEW) 

WRfTEdO.aO)  PO.SIGMAPO.TO.SIGMATOJtHO^IGMARHO 
30  PORMAT(lX.PO  « ‘.E14.6;  '.E14.6.'  PA*/lX.TO  * 

♦  P».2.‘  ♦/♦  *.^.2.*  IC/IX’RHO  ■  *^>8.6.'  ♦/•  ‘.P8.6, 

♦  *  KG/M*3*y) 

BNDIP 

• 

40  TYPE  30 

30  PORMATd  X;A(PLAT)  OR  B(RfBLETED)  SIDE?  (ENTER  A  OR  B)*) 
READ(*.140)  SIDE 

IF  ((Sn)E.NB;A).ANDXSIDE.NB.  B'))  THEN 
TYPE  60 

60  PORMATdX.'ENTERAORBONLV) 

OOrrO40 

ENDIF 

WRrrE(*.70)  SIDE 

70  PORMATdX.'SIDe«\Al/lX. 

A  (ENTER  CTO  CHANGE.  RETURN  TO  CONTINUEn 
R£AD(*.140)  DUMMY 
IP  (DUMMYRQ.’C)  OOTO  40 
IP  (FLAG)  THEN 
WRnE(9.80)  SIDE 
WRrTE(  10.80)  SIDE 
ENDIF 

80  PORMAT(/.lX.***BLMEASUREMFJm  ON  SIDE '>^1.' ••’./) 

« 

90  TYPE  100 

100  PORMATd  X.'ENTER  XO.YO^)  POS.  OP  THE  BL  PROBE  IN  CM.*) 
RBAD(*.tlO)X.YM(0)Z 
no  PORMATOROJ) 

INUM-1 

120  WRrrR(*.I30)  X.YM(0)Z^IOX.SIGYM.SIOZ 
130  PORMATdX.*X0.Y0.20**.3na5.*  ♦/•’.3P8J;  CM.'/ 

A  IX.(KNTER  R  TO  REDO.  RCTURN  TO  CONTINUBy) 

R£AD(*.140)  DUMMY 
140  roRMAT(Al) 

IP  (DUMMYRQ.H*)  OOTO  90 
IF  (FLAG)  THEN 

WRnE(9.149)  X.YM(0);&3IOX.SIOYM3IOZ 
WRITEdO.145)  X.YM(0);Z«SIGX.SiOYM.SIQZ 
BNDIP 

145  PORMATdX.’XO.YO.ZO  •  ’.3F10J.*  ♦/•  '^PSJ.*  CM.7 

• 

130  TYre  160 

160  PORMATdX.’BNTERYPOS.  INGH.*) 

READ(*,170)  YMdNUM) 

170  PORMATCFIOJ) 

YA(INUM)«YM(INUM)-YM(0) 


WRrrE(*.180)  YM(tNUM).YA(INUM),S10YM.SlGYA 
180  PORMATXlX.'YM.YA-'.2n0.6.'V''.3Pl0A.‘CM.*/ 

A  IXtENTERR  TO  REDO.  RETURN  TO  CONTINUBy) 

READ(*.140)  DUMMY 
W  (DUMMYEQ.'R*)  GOTO  130 

• 

190  CALL  AVBIW15S(HEAD.SIGMAHEAD,SIOHFJCP.SI01STAT) 

F  (HEAD.LTilX))  THEN 
200  TYPE  210 

210  PORMATdX.mROR  READING  VEl,OCmr-  NEGATIVE  DYNAMK 
HEAD'/ 

A  1X.TRY  AGAIN.  NEW  POSTTiOS.  ABORT  OR  CONTINUE? 

A  tr.N.AORC)*) 

R£AD(*.140)  DUMMY 
F  (DUMMYEQ.T)  THEN 
(3OTO190 

ELSEF  (DUMMYRQ.'N)  THEN 
OOTO  130 

ELSEF  (DUMMYRQ.'A')  THEN 
CLOSIUK)) 

RETURN 

ELSEF  (DUMMY  EQ.'C)  THEN 
HEAD*ABS(HEAD) 

ELSE 

TYPE  220 

220  PORMATd  X.'ENTER  T.N.  A.  OR  C  ONLY*) 

OOTO  200 

ENDF 

ENDF 

• 

VEL»S(^T(2.0*HEAD/RHO) 

SIGMAVEL«$QRT(SIGMARH0**2*HEAD/(2.*RH0**3)4 
A  SIGM  AHEAD*  *2/(2.*RHO*lffi  AD)) 
SIGHSTAT«100.*SIGHSTAT/HEAD 
$IGHFJ(P«100.*S(GHEXP/HRAD 

• 

WRnrE(*.230)  X.YA(INUM)Z.VFL.SIGHSTAT,SIGIFXP 
230  PORMATdX.’BL  VELOCITY  AT  '.BPIOA.*  INCHF.S  *  ‘.P8A.'  M/S*/ 

A  1X,*STAT.  ERROR  *  'J8.6.‘  ^V.'EXP.  ERROR  •■.F8.6.*  %’J, 

A  IX.tENTER  R  TO  RETAKE,  RETURN  FOR  NEW  YPOSmON. '/IX. 
A  *M  FOR  NEW  X.Z  POS..  S  FOR  NEW  SIDE.  E  TO  ENDy) 
READ(*.140)  DUMMY 
F  (DUMMYLQ.'RT  GOTO  190 
F(PLAG)  THEN 

WRnE(9.240)  1NUM.YM(INUM).SIGYM.YA(INUM).SIGYAHBAD. 

♦  siomahead.vel.$igmavel 

240  FORMAT(/.lX.I2.4(2X4^.6).3(2X,E114).2(2X.P8.4)) 

WRnE(10.230)  INUM.YAdNUM).SIGYA.VEL.SiGMAVEL 
230  PORMATrJX.I2.2X.F8.6.2X.F8  6.2Xjrr.4.2XJ>7.4) 

ENDF 

INUM»INUM«1 
F  (DUMMY.EQ.'M*)  OOTO  90 
F  (DUMMY.EQ.'S*)  OOTO  40 
IF  (DUMMYEQ  *E7  THEN 
RETURN 
ELSE 
GOTO  150 
ENDF 


END 


AVEPRESSH)R: 


AVEPRESSiDR  >  * 

A  SUBROUTINE  TO  TAKE  VARIOUS  PRESSURE  READINGS  * 

WITH  THE  MKS  BARATRON.  STORE  THE  DATA.  AND  CONVERT  • 
PROBE  PRESSURE  MEASUREMENTS  TO  VELOCITY  * 

• 

SUBROUTINE  TO  TAKE  AN  AVERAGE  PRESSURE  READING  * 


SUBRCRTTINB  AVEmESS(HF>D.S1GMAHEAD.SIGtFXP.SIGHSTAT) 

• 

IMFUCrr  ENTEOER*2  d-N) 

REAL  PRESS(3S) 

INTEGER  ITER.IOOAL 
CHARACTER*!  TESTJF 
INCLUDE  'RBADPRESS.INC 
INCLUDE  ’RBGDEF.INC 
CALLMAFQBO 

• 

ITER^ 

IOOAL-1 

1  PRESS(l)^). 

DO  101-1.10 

CAIL  BARATNdSTAT.  TRBMOT.  lOUT.  lEXPON) 
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ntfiSS<l)««>RESS<lhlOOO.*PU>AT(IOUT)*10.**(IUAT(lBXFON)yiO. 
to  COKTINUB 

VI  «5QRT(  ABS(2jO«PKfiSS(l  VftHO)) 

IS  PRBSSdHX 
DO20U1.10 

CALL  BARAmiSTAT,  »BMOT.  lOUT,  IBXPON) 

PRES5<1  )^«BSS(1H1000  •n^ATOOUmO  ••<FLOAT(lBXPON)yiO. 
20  CONTINUB 

VBL-SQRIT  ABS(Z0*PRBSS(1  )A(HO)) 

VZ>(VEL-V1VVBL 
V2-100.*V2 
WRrrE(*^)  VEL.V2 

30  PORMAT(1X.‘BARATRON  VELOCTTY  RfiADIKO  « 'JVA.'  oAV.lX 
4  DBLTAV  « ’Jinx  «V.1XRETURN«1  SAMiU.S-tO.  T-TAKE  DATA*) 
lTER«rnBR4l 
V  (nBILOB.IOOAL)  THEN 
READ(*.'(Aiy)  DP 
ELSE 
Vl.VEL 

oarois 

ENDIP 

1F(DP£Q.T)THEN 

• 

HBAD^. 

SfOHSTATiO. 

SIOHEXP-O. 

1X>40I>1,31 

CALL  BARATNdSTAT.  IREMOT,  KXJT,  lEXPON) 
PRESS<D«tOOO*PLOAT(IOUT)*IO**(PljOAT(IEXPON)) 
HEAD«}1EAD4ABS(PRESS(I)V31  . 
SlGHEXP-SIOHEXP4<0^t«PRESS(iy31.)*«2 
40  CONTINUB 

SIGHEXP«SQRT(SIGHEXP) 

DO  SO  U1.31 

SIGHSTAT«SlGHSTAT4<PRESS<t)‘HBAD)*«2/30. 

SO  CONTINUE 

SIGHSTAT-SQRTCSIGHSTAT) 

S10MAHEAD-Z04*SlGHSTAT4SlGHeXP 

ELSE 

Vl-VEL 

IP  (DP.BQ/S*)  mBN 
lOOAL-10 
ELSE 
IOOAL>l 
ENDtP 
ITBRaO 
GOTO  15 
ENDIP 

• 

RETURN 

END 


BARATN.FOR: 


SUBROUTINE  BARATN(ISTAT4REMOT.iOUT.IEXPON) 

C  SUBROUTINE  TO  READ  MKS  INSTUMENTS  BARATRON  mSSURE 
C  READOUT  VIA  *mE  DRVUJ  HIGH  DBNSrTY  PARALLEL  INTERFACE 
C^■■— »  ■  I  C  C 

WRITTEN  BY  PHILIP  L.  LAVRfCH  2/19/BS 

EMPLIOT  IN1EGER*2  (I  N) 

INCLUDE  RBGDEF.INC 
Dermitiam  for  imppnf  to  devko  legwlBrt 
(NTEGERM  STATUS.  LIBSWAIT 

C 

C  SET  CONTROL  STATUS  CODE  POR  ALL  REGISTERS 
C 

I  lSTAT-0 

CALL  CLRRBO(HCSRA) 

CAIL  CLRREG(HCSRB) 

CALL  CLRREOfHCSRC) 

CAtJ.  a  JtRfiG(HCSRD) 

C 

C  OIPrK  IP  MKS  NEEDS  PULSE  TO  INITUTE  DATA  CONVERSION 
C 

IP  (IREMOT.NB.1)  THEN 
!  PULSE  TO  INITUTE  CONVERSION 
CAJ  L  PUTRBO(  1  .HDBRC) 

STATUS  •  UBSWATRO  l) 

!0.1  SMond 

CAIJ,  PUTRBG(0.HDBRC) 

END  IP 
C 

C  GET  DATA  IN  REGISTERS  A  AND  B 
C 

C  WAIT  POR  DATA  READY  STOBE  TO  GO  LO,  THEN  WAIT  POR  HIGH 
C  THIS  ENSURES  NOT  TAKING  THE  SAME  READING  OVER  AND  OVER 
C 


10  IN  •  OBTRBOCHDBRB) 

r  (CdOOOrO  UND.  IN)  JIB.  0)  00  TO  10 
I PRST  WATT  POR  LOW  ON  B'tl 

11  IN  -  OBTRBOCHDHIB) 

f  TEST  BIT  B>U  POR  DATA  READY  nJLSB 
r  (r4QOOO  AND.  IN)  £Q.  0)  OO  TO  1 1 
1  WAIT  TILL  B- 11  IS  HIGH 

IBUPA  •  OETRBOCHDBRA) 

1  READ  DATA  mCM  DATA  BUITBR  A 
IBUPB  •  GBTRBO(HDBRB) 
f  READ  DATA  PROM  DATA  BUBER  B 
C 

C  CONVERT  THB  DATA  BtOM  BUFFER  A 
C 

UOC  •  rx  AND.  IBUFA 
IdUBMteevVd^ 

DUPA  «  DUPVIOX 
tSUftiishtdbto 

UOC  -  UOC  ♦  tO*fPXAND.lBUFA) 

!Nmt4fateMl9ttftil 

IBUPA  •  IBUFA/linC 
!  SUB  fitted  bis 

UOC  »  UOC  4  lOOnrXAND.IBUFA) 

1  Nutt  4  bis  IM 1  (XTt  difil 

nUPA  -  IBUPA/IOOC 
!Steftritte4bitt 

UOC  •  UOC  4  1000*CPXAND.1BUFA) 

!Nat4bte««  KXXte  digit 
C 

C  CONVERT  THB  DATA  PROM  REOESTER  B 
C 

C  TEST  BIT  B*14(10K  BIT) 

C 

IP  (fdoooao  AND.  IBUPB)  NB.  0)  UCC  -  UCC  4  10000 

c 

c  TEST  POLARITY  (Birio,  1*4) 

C  IP  NEGATIVE  POLARITY.  NEGATE  RESULT 
C 

IP  ((*2000t>  AND.  IBUPB)  £Q.  0)  lACC  •  -UCC 
C 

C  PUT  RESULT  IN  lOUT 
C 

Kxrr»iACC 

c 

0  CHECK  IP  THERE  IS  AN  ENCOUNTER  OP  OVERRANGB 
C 

flp  (CIOOOOOO  .AND.  IBUPB)  J^.0)  ISTAT  •  ISTAT  4  2 
C 

C  CHECK  IPOOOD  DATA  BIT  B  )2  IS  HIGH 
C 

IP  (CIOOOOO  AND.  IBUPB)£Q  0)  ISTAT  » ISTAT  4  l 
C 

C  NOW  DECODE  EXPONENT 
C 

IBUPB  « IBUPB -AND.  T77TO  !  ONLY  LOOK  AT  BITS  0-9 
W  (IBUPB  EQ-TTrOO)  THEN 
BEXFONb-8 

ELSE  IF  (IBUPB  £Q.  T7750)  THEN 
EXPON--7 

ELSE  IF  (IBUPB  £Q.  T7730)  THEN 
EXPON-'6 

ELSE  IF  (IBUPB  JBQ.  17070)  THEN 
EXPONb-2 

ELSE  IF  (IBUPB  £Q.  T7570)  THEN 
IEXPON-1 

ELSE  IF  (IBUPB  EQ.  T7370)  THEN 
lEXPON  «0 

ELSE  IP  (IBUPB  £Q.  TS770)THEN 
lEXPON ->9 

ELSE  IF  (IBUPB  £Q.  T  3770)  THEN 
IBXPON  »>S 

ELSE  IP  (IBUPB  £Q.  T3770}  THFJ( 

DiXPON  -  -4 

ELSE  IP  (IBUPB  £Q.  T7TO)  THEN 
lEXPON  -  3 
RI^B 

1  ERROR  CODE  4.  EXPONENT  NCTT  RECOGNIZED.  SET  B()UAL  TO  0 
lEXPON -0  !  SET  EXPONENT-0 

ISTAT  »  ISTAT  4  4  !  SET  ERROR  CODE  4 

END  IP 
C 

RETURN 

END 


DRV  11. MAR: 


.TTn£  DRVll.HANDLER 

LIBRARY  /SYSSLIBRARY:LtW  ;NBEDED  POR  StO730DEP 
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:  HIS  DEFINES  THE  COMMON  BLOCK  WfTU  DEVICE  ADDRESS 

:  AND  CONTENTS 

.PSECT  QBUS 

PIC.OVRRBI,.OBL^HRJJOEXE.RD.WRT3-ONO 

DRIADD: 

BLKL 

1  :  Scan  val«e  Bler&oe 

DRIADD: 

.BLKL 

1  ;  Scan  val>«  iniarbce 

DRVADD: 

.BLKL 

1  ;  Tnvener  imr&ce 

DRJ  ADD; 

BLKL 

1  ;  Baietron  imirface 

Theae  tn  the  m^tped  addieai 

na  to  the  devkse  legiaBr 

.PSECT  REGS 

PIC.0VRREL.0BL3HR^0EXE.RD.WRT^0N0 

SDRICS: 

BLKL 

1  ;  Scan  vai>«  iattr&ce 

SDRIOU: 

BLKL 

1 

SDRIIN: 

.BLKL 

1 

$DR2CS: 

BLKL 

1  :  Scan  valve  ntorCioB 

SDR20U: 

.BLKL 

1 

SDR21N: 

BLKl, 

1 

SDRVCS: 

.BLKL 

1  ;  Tnvener  tnerfiaoB 

SDRVOU: 

BLKL 

1 

SDRVIN: 

.BLKL 

1 

SHCSRA. 

.BLKL 

1  :  BaKran  ffaerfeoe 

SHDBRA: 

.BLKL 

1 

SHCSRB: 

.BLKL 

1 

SHDBRB: 

BLKL 

1 

SHCSRC 

.BLKL 

1 

SHDBRC: 

BLKL 

1 

SHCSRD: 

BLKL 

1 

SHDBRD: 

BLKL 

1 

PSECT 

CODE 

GBL.NOSHRLONG 

MACSO  LIBRARY  CALLS  TO  OFFINE  SYSTEM  PARAMETERS 


SSSDEF 

GLOBAL 

SSBCDFF 

GLOBAL 

SIOUV2DEF 

GIjOBAI. 

;  DEFINE  I>OCAL  SYMBOLS 

bRl_QBA>V>771770  ;  QBUS  ADDRESS  FOR  DRVll  TO  Scan  Va1%« 

DR2_QBA»A0771760  ;  QBUS  ADDRESS  FOR  DRVU  TO  Scan  Valve  *2 

DRV  .QB A-NYnOOOO  ;  QBUS  ADDRESS  FOR  DRVl  1  TO  Tnvener 

DRj  QBA-^770100  ;  QBUS  ADDRESS  FOR  DRVlLi  TO  Baiatrcn 

MAP.QBAa^OriOOOO  ;  QBUS  BASE  ADDRESS  FOR  MAPPING 
qbua_io,ba«s  sAo760000  ; heginrung of io tpace on Q bua 

STORAGE  FOR  IN  AND  OiTT  ADDRESSED  FOR  CAIX  TO  CRMPSC 

AREAPO:  IjONG  '^lOOOtl)  JsSY  ADDRESS  IN  PO 

BASRAD:  BLKL  2;V|RTUAL  ADDRESS  OF  SECTION  ON  RETURN 


AOOL3  •2J14.SORVOU 
ADDL3  MMSDRVIN 
BICL3  *AXFFFPP000,#DRJ_QBA.R4 
;  Afain  for  DRVtU 

ADDL2  BASEAD.R4 

MOVL  R4.SHCSRA  ;STORE  VIRTUAL  ADDRESS  FOR  CSRA 
ADDL3  •2Jt44HDBRA  ;$TORE  VIRTUAL  ADDRESS  FOR  10  BUF  A 
ADDL3  i43l4,$HCSRB  ;STORE  VIRTUAL  ADDRESS  FOR  CSRB 
ADDL3  •6Jt44HDBRB  :STORR  VIRTUAL  ADDRESS  FOR  K)  BUF  B 
AD0L3  ••3l4.$HCSRC  ;STOR£  VIRTUAL  ADDRESS  FOR  CSRC 
ADDL3  •10Jt4.SHDBRC  ;STORE  VIRTUAL  ADDRESS  FOR  K)  BUF.  C 
AD0L3  il2Jl4.SHCSRD  :STORE  VIRTUAL  ADDRESS  FOR  CSRD 
A0DL3  #14J14.$HDBRD  ;STORE  VIRTUAL  ADDRESS  FOR  10  BUF  D 

MOVL  iDRl_QBA.DRlADD 
MOVL  •DR2.QBA.DR2ADD 
MOVL  iDRV.QBAJ3RVADD 
MOVL  fDRJ.QBApRJADD 
MOVL  tSSS  j^ORMALJtO 
RET 

!  ROUTINE  TO  GET  CONTENTS  OF  DRVl  1  REGISTERS 
;  Uaa^:  VALUE  •  GETREO(REGADD) 

;  ARGUMENTS:  REGADD  ia  magified  ad<beaa  of  regiaiBr 
:  VAIJJB  ia  Muraed  in  RO 

.ENTRY  GE1REG  AM<R3.R4JU,R6> 
neM  4(ip)/3  ;  addma  of  legiatar  tupfdiad  in  arg 
imnrw  @(r3)^ 

RET 

ROUTINE  TO  PUT  WORD  SUPP!.DID  AS  ARG.  TO  DRV  1 1  REG 
Uaafb;  CALL  iUTREGfVALUE.REGADD) 

;  ARGUMENTS:  VAiUE  Wtyd  toput  in  out 
REGADD  mapfjed  adikeaa  of  rcgiaier 
NO  RETURNS 

ENTRY  PUTREG  *M<R3.R4> 

MOVL  4(AP)3U 
MOVL  8(AP)3(4 
MOVW  (R3)^R4) 

MOVL  fSSS.NORMALEO 
RET 

!  ROUTINE  TO  CLEAR  A  DRVU  REGISTER 
Uaar  CAli.  CLRR£G(REGADD) 

ARGUMF^TTS.  REGADD  mapped  addresa  of  tegiaiBr 
NO  RETURNS 

ENTRY  CLRREG  *M<R3,R4> 

MOVL  4(AP)J13 
aJlW#(R3) 

MOVL  iSSSJ^ORMALEO 


ROUTINE  TO  MAP  A  SECTION  OF  QBUS  I/O  SPACE  TO  USER 
ADDRESS  SPACE 

NO  ARGUMENTS 

RETURNS:  DRl  CSR  ADDRESS  IN  DRIADD 
DRl  CSR  CONTENTS  IN  DRICS 
DRl  OUT  CONTENTS  IN  DRIOU 
DRl  IN  CONTENTS  IN  DRl  IN 
DRV  CSR  ADDRF^S  IN  DRV  ADD 
DRV  CSR  CONTENTS  IN  DRVCS 
DRV  OUT  CONTENTS  IN  DRVOU 

DRV  IN  CONTENTS  IN  DRVIN 


ENTRY  MAPQB.^M<*43W> 

SCRMPSC  S  INADRsARFJVPO.  • 

RETADR«BASEAD.  • 

FLA0S*#<SRCSM_EXPRFX3!SECSM_WRT'SEC$M_PFNMAP^.  - 
PAOCNTs48.  - 

VBN»*«IOUV2$AL_QBOSP*MAP.QBA<)bttaJo_baae>^-9> 

BLBS  RO.OKAY 

;I1ANDLB  ERROR  ON  CALL  TO  CRMPSC 
PUSIIAI.  (RO) 

CAIJLS  iLOALIBSSTOP 

OKAY:  BICL3  •AXPPFFFOOO.iDRl_QBAR4 : 12  LSB  OF  DRl  CSR  addmaa 
ADDU  BASBAD.R4  ;AOD  BASE  ADDRESS  OF  SECTION 
MOVL  R44DR1CS  :STORE  VIRTUAL  ADDRESS  FOR  CSR 
MOVW  «0/R4)  ;INmALIZE  DRl  CSR 

ADDU  •2R44DRIOU  ;STOR£  VIRTUAL  ADDRESS  FOR  BUFFER 
MOVW  »0.(R4)  ;!NT1ALIZE  DRl  OUmJT  REGISTER 
ADDt3  MEd^DRlIN  ;STORE  VIRTUAL  ADDRESS  FOR  IN  BUFFER 
BICU  •^XPPFFFOOO.iDRL  QBA,R4 
;  12LSBOFDR2CSRaddraaa 

ADDL2  BASBAD.R4  ;ADD  BASE  ADDRESS  OF  SPXmON 
MOVL  R44DR2CS  :STORR  VIRTUAL  ADDRESS  FOR  CSR 
ADDU  i2R44DR20U  :STORE  VIRTUAL  ADDRESS  FOR  BUFFER 
ADDL3  *4R44DR21N  iSTORfi  VIRTUAL  ADDRESS  FOR  IN  BUFFER 
Bia.3  »*'XFFFFFOOO.«DRV  QRA.R4 


Rin* 

ROUTINE  TO  SET  BITS  ON  A  DRVU  REGISTER 
Uaage:  CALL  BISREG<MASK.RFXIADD) 
ARGUMENTS:  MASK  Maak  with  biu  to  act 
REGADD  mapped  adcbcaa  of  regiaier 
NO  RETURNS 

ENTRY  BISREG  AM<R3E4.R5> 

M0VL4(AP)E3 
MOVL  a(AP)E4 
MOVL  (R4)J15 
biaw2(R3).(R5) 

MOVL  fSSS  NORMALEO 
RET 

ROUTINE  TO  CLEAR  BITS  ON  A  DRVl  I  REGISTER 
Uaage:  CALL  BICRE0(MASKEFX3ADD) 
ARGUMENTS:  MASK  Maak  with  bita  to  dear 
REGADD  Mapped  adilieaa  of  legialer 
NO  RETURNS 

ENTRY  BICREO  *M<R3.R4.R5> 

MOVL  4(AP)JU 
MOVl,  8(AP)R4 
MOVL  (R4)R3 
BICW2  (R3)/R5) 

MOVL  fSSS.NORMALRO 
RET 

END 


;  Repeat  to  DRV 

ADDU  BASRAD.R4 
MOVI.  R44DRVCS 
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B.  Momentum  Transfer  Analysis  Program.  Below  is  listed  the  units  of  VPFIT7,  the 
momentum  transfer  analysis  program  used  to  interpolate  for  5,  integrate  numerically  for  6  and  &*, 
calculate  Cf  frcMTi  a  nonlinear  fit  of  the  wake  law  equation  to  velocity  profile  data,  and  integrate  Cf 
for  Cd-  The  program  units  include: 

•  COMMONBLKl.  FOR  through  COMMONBLK3.FOR,  the  program  common  block 
include  files; 

•  VPFITT.FOR,  the  main  program  unit  including  the  menu  driver; 

•  BLCALC.FOR,  the  main  calculation  unit  which  drives  the  numerical  integration,  the  non¬ 
linear  least  squares  fits,  and  the  miscellaneous  newton  solving; 

•  WRTOFILE.FOR,  the  subroutine  to  write  the  analysis  results  to  file; 

•  CALCDRAG.FOR,  the  subroutines  to  store  the  necessary  Cf  data  and  integrate  for  Cd; 

•  AIR.FOR,  the  subroutine  to  calculate  air  properties  as  a  function  of  ambient  temperature; 

•  MRQMIN.FOR,  MRQCOF.FOR,  COVSRT.FOR,  and  GAUSSJ.FOR,  the  subroutines 
from  Press  et  al.  (1986)  used  to  perform  the  nonlinear  least  squares  fit;  and, 

•  RTNEWT.FOR,  the  newton  solver  subroutine  also  from  Press  et  al.  (1986). 


COMMONBLK 1  .FOR;5 : 


*  coRinaDblkl  for*  pvameisr  fUktmcnc  fv  (U  vp  gmlyvif  * 


p»ancrKtk^.41,tbB9..^.5,pi«3.14l992654) 


COMMONBLK2.FOR;ll: 


*  a>monblk2.fcr- conum  block  file  for  tbl  calcttbtkau  * 


parmmBiBf<ni«ii*99) 

canRKm/fl<’v*l/  rho^ifrfao.ue  jigue.to,ii|to,poji|po, 

♦  q),aitcpjwi.«itg»>.k«.wgkijrjigpc,yjigy.tt,iifB 
coRunoil^'poml/  yk4i|ykjrb,iicyb.^af^icyplm. 

♦  ub,fifub,siCtad>,ubrit,»ifubrit,uk,sittDtk,iipltti. 

♦  aiguplui.upwI.nfupwl.tpfiMiglpfk 

cflRunon/ccwal/  ok,i^,ndel,ndl  ,nd2,ikf.ild 
conmoMblvai/tfaBtMigtetM'elhBtMifMhBtA, 

♦  ikJtM>S(UtMvdel,si(i«dBl,dAar,iiidMar, 

♦  xt,idacnu,xtrip,MUeit^wh.delwh,dBlchDck. 

♦  <felcrig,0ifi)Blo 

conunoiVcaicl/  f,*if  f4  jiggJijii^chiaq^.cbMqrl  ,chi»f  2, 

4  ganuM 

oomnot^caicV  adl  .•d2,Ml3,Ml4,»d5  jnh,fni,mbplu».mspliu,sigmh, 
commtWcalo4/  vv.varl,v«2«var3,vai4,alplMi,dydM. 

♦  covar,»i^vl,v2,v3ji«« 

C4MnmofVrtiinf/  6ium,fmmel,6Bme2,frHme3,ub,duiTiniy.choice, 

4  chindM 

real  rho,at$ftiD.ue,ngue,to,sigto4»;ii0»^^ifq> 
ml  fnu>|^uk«>gka4ir^i|pr,y<nRMji),«i(y<omM) 
ml  u(iifnas).iigii<fimx).yk(nniax)^igyl<i>fnM).yb(imuu) 
ml  •■fybfi«iMx).yphia(3jnia)i),sigyplui(3,MiiM) 
ml  ttHninM),iitut<CBnax)jictatb(atiiai).«bfti(3jtsiiM) 
ml  ligiibrifSjumiil.yUBiMxlAittalkfiiniaa) 


ml  «plni<3,mM),»iCB|4uj<3,iamx).upw|(3.mu) 
ml  •igMpwl(3,inm),rt>m,aigteu,i«tfmMi0etbeu 
ml  <Mta(2)4Bgriblti(2),iedDl,>igi«dd.AMr,aitdmr 
ml  cikMiic&i,cJckO)jit<^clO).>rt»u(3),iigu<3) 

ml  N!nnm),aigh(niim),ckM|K3).chiM|rl.chiaq|r2jRmm 
ml  •dl,ad2;KD.MHjMi3,oihjimjnli|Aii43)4ai|4ua(3).ii^^ 
ml  iifinhp(3),ii9ni^igiisp(3),vtr,w),v«r2,vv3,var4 
ml  •Ipfca<4,4),dydi(4),ji<4).amK4.4),ii|lrf4).vl.v2.v3 
ml  ^>riUigtt>fil4k»»tty»>«lripjMtmUcfwh.dalwh 

IMI  Atitu 

iBiB|BrDk,i:pl>4iiU4idl,iid2,tkf.ikl4iila(4),chiKfeji 

chmcfcr*!  lib, dmiroy .choice 

chmetoM  fans 

cfamciv^b  fimel 

cherimr*40  &ieinB2 

clwatia  *80  feemeS 


COMMONBLK3.FOR;7 


*  ccnsAonblkS.foV'  cCDimcD  block  file  fior  tbl  calcukttana  * 


comracn/Aef  var/  aavcf,aavacf,cfd,aigcfd, 
af,aaf,bf,abf.cf<kai,aifcf<kMva> 

ml  aawfi2.2^),aMc«2A5).cfd(2.2,5).ii*cfa(2.2,5) 
ml  afl;5),aa«S).bf(3)jbf(S).d(lraK2,S).Mtcf<k(2,5) 
ml  Mdl,aad2,aad3,aav)(t(2,2) 


VPnT7.FOR;7: 


vpfit.fa-  pioyaiB  to  cakalato  tfcl  ehatactoriatica  fron  * 
Ital  velocity  dato 
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kB  prognm  ipctkii:  <kiv«*  mm 


inclu<b  'canmonfalklJar’ 

• 

I  Qfpe  10 

10  fQciml(/,l]i,TBt.Voloclly  KoGleAiMlyviiV.l^ 

*  •, - 7.U, 

*  '] ;  Amlym  Od»  fVafibVilx, 

*  *2:  Aiu)ym«S«i<tfTwol¥ofilM7.U. 

*  ‘3:AnlymBFiillSaloflWy.lk, 

*  *4:  OonenlB  t  DttimyTMtCuBmd  AmlymV.lx, 

*  *3:  Exit  ProymV.l  K 

*  tei«Brl.2.3.4,«Sr) 

choice 

20  fcnmt(el) 

if  ((choke^'Oxvf clioioeBi.'2')  A. 

*  (cfaoicBjeq.7)x)r.(cfaakM<|.‘4'))  tfaen 
call  vpAaael 

daeif  (cboicsM).'5‘)  tea 
atop 
aadif 


cfamdax«3 
faanala/br 
oaUvpmal 
cdlwTlofBa 
oaD  cteom 


fttanala^? 

eaUvpml 

eaDwnofla 

caBcteme 

oJifc^lr 

almif  (choiBeaq.'4‘)  tea 
chiateivl 
eaD^^aBBl 
caUwitoOe 


write*,*)  ^aatef  anv  B  vpihanai* 
aadif 


|OlOl 

cad 


dmafll) 

dfltelZ) 


*  vp  aDalyata  chivor  atbrautinB  * 


fubroutaie  vpdiaal 
todude  ‘c(annoafatk2.for‘ 

• 

1  Qrpe  10 

10  farniat(lx.‘aate  code  for  data  dir  (MDD#)') 

iead(*,20)  ftaim 
20  fonnatCid) 

write*30)  buttb 
30  rannal(ls,'daadv.  «‘>4, 

*  '  (afaer  r  to  lado,  Btora  B  eat.}') 
nad(*,40)  dummy 

40  fonnatfal) 

if  ((duintTiy  aq.y)^/dUfE>nyaq**^))  1 
teBiieV(atane.tfal.di<Bd.daia.'//lBBiiV/r 
fraiia3«(ham2/Avpfif/Ahaite/xlttl  ‘ 
<pei<ll.(laii>fbarnB3,imtiia«tew',iaelal000) 
hanw3wthMnB2//VpfayAitoiOB//A^ 
opes<l  2,f3e«fiiaine3tektiia«'new'jBd«1000) 

» 

if  (choice  fig.' n  then 
50  type 

60  faniial(lx.'eraBr6char.nameofdBaf3e*) 

f«acK*.70)  fiiaml 
70  famitea6) 

write*.80)  bamel 

80  (aniiai(U.'ii^dMaf3eiiBfnBs',a4, 

*  '  (ermr  r  to  lado.  returo  to  oont)^ 
read(*,90)  dunny 

90  fcamteal) 

if  ((tenniy«q.‘0<v^duiiiRiyaq.'R‘))  |<4o  30 

callvpanal 
cril  witofUe 

abeif  (choice  aq.7)  tea 
95  type  1(X) 

100  £orinol(lx,*aBBraorbforfidB<ifautoaBalyB7 

i«ad(*.l  10)  dwany 
no  fcnnteal) 

if  ((dummy  jB.'a')BML(durnfiiyja.b’))  |a*o  95 

chindBx«l 

Fnaraal  adumrey/^  r 

caUvpand 

cdl  a^tofib 

caD  cteoB 

chindBaa2 

ftiame  1  teummy/'/ Z 

callvpanal 

odlwnoTib 


can  tefcak 

ebeif  (choioeag.3')  tfsa 
chMea*! 

(taamala'ar 
callvpanal 
call  wftof3e 
call  ehtfwe 

Mndt**2 
hBfi«!"'a7 
callvpMMl 
cal)  antofita 


*  inaai  vp  Balyaa  aaboutbe  * 

•••••••••»••••• »•••••••• 


tuhraatine  vpanal 
mclttde  'camBonhlk2.fQr' 


caD  aw* 

iiteO.02S4*lS^-3 

»i9Bb-aQ254«0Je-3 

iBad).0254*21.0Cb3 

•«iiB«.0254*0te-3 

*  lead  in  axperincntal  data 

if  (riioioB.aq/4’)  then 
caD  fMpmf 

caDr^aaf 

cndif 

*calailaledh)lB)  andittairor 

do40pn^,l,'l 
iJlu(>)'ft^0.99*uB))  ndlsi 

40  ccrtaai 

ndBl::Bdl 

te2al 

do50iK2,ite> 

if(di)Jt(0.99*tB))te2-i 

50  ccwteaB 

dBltel>-y(Bd2H0.99*uetei»12))*(y(iMll)-y(Dd2)y(B(r«ll)>dnd2)) 
adl  -«icy(Ddl  )*(a99*wa(nd2)y(a(Ddl 
ad2aa^nd2)*(l  .•<0.99*a»tend2>]/(«(Ddl^B(ad2))) 
ad3-oica(ndl  )*(0.99*ae-a(iiil2))*(y<iidl  hyindDV 

♦  (a(telVu(ial2))**2 
ad4a«i(ii(od2)*((0.99*ae'a(Bd2))* 

♦  (y(tel)>y<i>d2)^dndl>teod2))**2-<y<ndl)-y<iid2)y 

♦  (dadl)>o(iid2))) 

adSaaifUB*0.99*(y(tMil  )>><iid2))/(u(ndl  )'ii(nl2)) 

ateUte))^7lfM»  **24te2**2^ad3**2^ad4**2«Mi5**2) 


caOUcdc 
*Galcalte  b«^.a« 
dp60i-l,3 

iidte«(D^nb*«tau(iVpa 
fipalyfi)  ayl((aitpih*aiaa(iy|na)**2» 

♦  (•itayi)*nte)pai)**24<titpB*mh*utaa(iy9ia**2)**2) 
naplttei)*ana*ataa(i)/gpa 

•ignwp(i)i«7K(*ifnia*iiiBa(iygrBi)**2« 

60  uatinua 
leawn 
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*  Mbr.  to  iMd  in  ^  praf.  ftoB  «  flb  * 


mhmiumrt^rof 
ind«^  'Miiwwiit 


bimmh^ammV/^ammXIt 

wrte(* ,*)  'iMdins  dHt  k  ttkvlMmg  fairiHiTtm  pwptM^ 
opanC  1 0,fBB»ftiairBljiinifi^dtf) 
iMd(10.10)  po^igo^^ttt>.fho.»i|rho,ae.Mf[io.iyi 
•rniB<*,10)  po,M|po4o.iiflo.rhagii|rtto^,aifiiB,i^ 

4  7i.a^^K^^y.6i^a.3x^.2y.l3K42} 

call  MKtojig»p.cp.»«yy4l»».aimBi.kaj>itki4ir.«gT) 

y(lM).0 

ii|}f(l)»l«<6 

a«y(l)«l«-6 

QdlXiplS42 

apttiwll 

dD20i«2Xn|ito-l) 

c  wnlB(*30)j^i).iicy(0M0.nfB<i) 
y<iH><i>40i)13V10a 

30  PORMAT(lX.I2.2XJ^.6.2X.P«.6.2XJ^^^i>7.4) 

cloMlO) 

•ii;^ii|ita)iiO.t/lQ0. 

u(lflCl)««B 

siga(npti>«ifue 

• 

ntuni 

oil 


subr.  to  ipneriit  a  vel.  prof,  frcsn  te  wala  law  * 


fubroutim  gBOprof 

(Odada  commonhikl  .for' 

fcal  u|dl(nna«).ypll(iBtax).ybl(iiinaa),ubCfifnax) 
foal  cf.ttiBt^4*t.»M*odei.variBt 
QOBfBr  MBOd 
chvaclv*!  bkB 


a—d)mo»iW)j7 

dri*i0iM6*M/a37 

wria<M) 

4  ioa^la.t%dpa^itek-‘4l6^^6J^6.9y. 

4  ‘  (larrtoii  — ii  ttiparmj.iata«tocaa.)*) 

iMdr.tiiy)fiha 

V7^ffal^TT|‘r7}  folo  I 

• 

5  fonBdCU.^MwptoponaibfnrBtodpfafilB.ial.loait.') 

fBodtVain^ 

if  ((ftdE»04.y‘)or.(bbBoq.'P))  iMO 
paM*!. 

6  arbaf*.?) 

7  fcnMdx.’Mar  %  "t*«»“**  of  random  partarbatka*) 
Md(V)vw^ 

wriaC*.*)  '%part.  ■  ’.varial, 

4  ‘  (aimr  r  to  loifo.  lat  to  com.)’ 

laadt^.tamfite 

if  ((trita.aq.‘i0m.(bkeoq.1F))  foao  6 
petoiiO. 

• 

wad»IO*apii-l 

aM*avK03*cD 

adl  ^Bi/BfKnpn  2) 

4oSt*)X<V*>*l) 

y(iKi*))*Wl40.0)3a*2 

ai(y<t>4>.7e>4 

yb(i>iy(iVmi 

yplXi>^i)*to/iM 

o|d<i)^loi(yId^i)>4^•t^>•(•«(0.5•pi•yb^i)))••2ytk♦tb 

a|dtiH10O.4pen*vwiot*Z*<0J<rai<MBad)))«iipl«iyi00. 

a(i)^ti)*ttt 

if  ((ii(i).pLuB).and(&kej».^'))  tban 
writof*,*)  ‘ywaiinnenor  ageiyrof 

•oto9 

•mMt 

aita(i)i«XnSS4i) 


3ipia[i^)^iipto)*iii/pw 

■i|pi(iipto)^ifBc 
nW(i^pto>Bl . 


p<^l  .0217045 

•10x^20.434 

ttv294J5 

nftmO.OS 

Tbo«1.20721l 

•i0hD^.OOQ32 


paftopat*wm 

writodl.lO) 

10 

4  I,;*...***...*.... . . . 

4  lx.’*  Wake  Uw  Gamratod TBL  Vd.  Prof,  k  Anal.'/. 

4 


1  arriid*.*)  'miar  dmirnd  ftaaaO'aaro  walocity  in  nA* 
foad(*,*)iia 

writd*.*)  'uB  ■  '.ae,’  (aotor  r  to  chan^,  latiira  to  cmc)' 

faad(«.‘(air)  kkt 

if  ((fakaoq.’O-or/CibBoq.'Rl)  fflto  1 
sifaa«O.OQ5*t» 

2  write(*.*)  ’amar  itoabad  apto’ 

iaad(*.Xi2)')iTto 

anilef*.*)  Xipla  ■  (aotor  r  to  cbanpa.  feton  to  conty 
i«ad(*  tain  bho 

if  ((lateoq.'f’l.or/fabp  eg  ’IQ)  t°(o  2 

3  arrito(*,*) 'antor  atiaamwiardm.  n  in.(3S  (v46)’ 
fa«K*.*)«t 

arrito(*.*)  ’XdiM  ■  ’.xt.'  (mtor  r  to  chanpa.  latom  to  com.)’ 
leadC.tainUto 

if  ((bkaoq.’i0.orf  falonq.’R’))  pMo  3 

• 

call  aa<lo.aigto,cpjipcp.giBt4ittntt,ka.sipka4»jH^) 

yao0BiauB/0ia 

xtrip«4.S*0.02S4 

call  tnpadW0.,xtrip,0.0l.xtr9>.utogn«.MH) 

Ktd>.0234*xt 

xt«xt-xoi 

wnto<*,*)  'Xt.Xot  ■  '4t.xoi 

• 

icsiaw*aif0ni 
cfd)4S5ttlot(0.00*f«t))**2 
can  fnldeld  #43,1044, 0.l^iiaiidBl) 
dalaaandBl*pBiA« 

delclock«O.I4*0M*(f«xt**(6/7.)ym 


writofl  1,2Q)  tojigu>,po,aigpo,il»ji0tio,c|>,»ifcp,0Bi,iig0itt, 
♦  ka,»itfcajr.aigr,Be,Bifiia.<tel.that.<fclat,ddchackjtomt. 

4  i«xvcf,BUiptopaft 

20  fomlCU.To  •  \K.Z:  H-  'JiX  IC/.U.’Ri « 

4  alZA'  '^12.6,'iVbi^7/,lx,’dBniity  m'JijS,'  *h 
4  nA’ktAii*3’/.lx.'Cp»’^116,’  4/.  ’,b12.6,' J/kc  K/.U, 

4  pm*  ’^12.6,'  4/.  '^12.6.'  N  dM*2’/.U.*k  « ‘jcl  2.6, 

4  ’  4/.  >12A,’  W/to  KV.lx.’Pr  •  ',0.3,’  4/-  •^l0.4/.lx. 

4  lla  *f-  ',n.6.'iiyt’/,lx,’dBltaK’jell3,’m' 

4  /.lx,tfaBta  ■  '#1 1.S,’  m'/.lx.’doar  ■  ’^113.’  ta'J, 

4  Ix.’daJ  check  ■  '416.9.'  m’/.lx.'Xotuib  « ’4I6.9.’  m'J, 

4  lx.’Xtuib  ■  ’4I6.9.’  m’/,lx.llext  •  '4l6.9/,lx,’Cf  • ', 

4  pl6.9/.lx,'Utaa  •  ’4l6.9.'nA’/.lx.'9  ofpto  •  '.i2/.U. 

4  '%mdorDwalocil)r|mtwbatiooDlrodttc^«‘JS.l/') 

• 

tototohaK9) 

«rito<12,40)’i'.tab,‘  y  '.tab, 

4  npy  ‘,tab.'  o  'jab. 

4  lipB  ’.tab.'  y/d  ‘.tab. 

4  «Ae  ',tob.'  y^ua  '.tab. 

4  vplaa 

40  fmi(/.lx,a2.KaU15)) 

doSOiolj^ 

imto(12.60)  i.t^ji<i).tab.*i|3<i).tab.u(t).iab,aiga(tX 
4  l^jrbSO.tob,abKi)jab.yplVi).tab,up)f(i) 

50  cmnva 

60  f<n«(lxj2.KBl4l5.D) 

• 
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•ibrotttiaB  ink 

■BlndD 'cannoDUklior* 
■Kinds  'uwnuablkS.far' 

do  100  ial^nmii 

•MiH). 

•^D-O. 

dD  lOjBl.S 
ypluKvM. 
lityploiaiH)- 
aieiQJHi- 

10  oontnoB 

uKiH). 

uWiH). 

100  rcwiiMB 


«nd 


BLCALC.FOR;146; 


(iHiin 

•iiKi>«>(n) 

■(iHCi)^99 

littt 

liwr  ih^40J«h(j)*«i)^^)) 
iigikw^witrlwwi(03*rtgl<j)*(gO»^i))>**2 
*iii  il»i>i03*l<i)*<g(i>»l(i)) 


M«te«M^sicte«<0JSisl(l)*l<l))**2 

«(03*tlfr(Bpi»)«fa(ii|iis-l  »**2> 

•«ten«|rt((ii«Mti(l)*4«r)**2«<ii«te*dMl))**2) 

d«MlM*dri»a) 


*  BA-dmaKinlis  prafOs  dtt* 


wfito(*,*)  “rm  liinwmwfWMlnint  velocity  pralik  dKs' 
do20m],ifl» 

•ifnKi>«qii((utikiyi»)**24<»«ie*ii(iVVK*«2)**2) 

yb(i)«y(i>Uriu(l) 

M(y^i>«<p<(»i«<iydfllti<1))»*2-K«itdcltt{1  )*y<>y 

♦  drifc(l)»»2)**^ 

iqpKtitab(i)**2»»iiyKi)**2) 

iednl^*iiphs(iypm 

sifieM^4pl((si^*dsltii<iypni)**2+<iifdBhi<l)*«c^pM)**2^ 

4  (•itgm*»*doi«(iyiPB**2)**2) 


*  hlcdcior  -  ■nhroBtinpt  to  cclcalic  mcancntani  aid  dispUcctneni  * 

*  diiciB— ■.  md  local  riciti'frkxiaa  caafficiaat  * 

*  given  turtadeac  bo«id»y  layer  velocity  dkta  * 


*QiainsMbr. 


KibrtMtinB  bkalc 

indnda  ’coowamtikl  iar* 

InclndB  'cqpwiMkl-far* 

leal  abl(iBttR),aifabi[iBiK>).n]dfamax)4i|B|it9intx) 
leal  apel(tianax)^i^li(fiim)^9iineui),sigypl8[niimx) 
dander*!  bte 

« 

*  initialintfalvaluBa 

<lBlcricMdBlia(l) 

a^MvId^l) 
fida«y 
ailBraC 
1  AnreO. 

agdilap^. 

theaaO. 

a^hetaid). 

MtiklMl. 

• 

*  BumarkaHy  inagnii  to  find  tlata  and  dilv 

wHto(**)'taitoptok«iU' 
do  10i*l,Difil 

ifCUiJuMldn 

Ri>>lii(iM>> 

((■)Ki)*4i)lto 

irUR^OlRso 

<iMmki««aS*k(jn(iHRj)) 

•iailMmitdMr4<a5*ri|Kj)*(RiHRj»)**2 


*  dBck  deltt  calcalatkm  wilh  vd.  pR>f.  power  fli 

• 

23  fanna<lK.’nDcanveicyDcc  within  itontion 
♦  U.^medini  «/  calO 

vrM*,*)  ’cekelaiing  M  dbha  from  povrar  Gi’ 
diiBi|r!2M0. 

chiatyl«<X 

al»iy2a 

■2-lA 

dai«2-al 

chiatyladd(ii(yb,ab,aig|olb,nplM<l )) 
var«IA<l) 

wrMV) 'Xstp  Al/n  * 'rCMwtrlriCl  ).^ 
iOM 

rhiaiy?iiddfitfyb,ab^igtotbjBpto,i<l » 
var2iKbiaqr2 

* 

nnveaO 

30  vanl^l) 

c  writo(*,*)  *Xaty,m,lAB  ■  ‘,w2Ml).var 

verelQ0i*2.*^a(cl>ia(|r2>diiatyiy(duM)rl4«luiqr2) 

ifCw^M^Ildan 

daeOJ*^ 

if  (diiatyZ^Ldiioqrl )  then 
■(IM 

cluity2iiMre()(b.Bb.aigtotb,iqstod(l )) 

nr2nluay2 

afaa 

aleaZ^ 

dlM 

chiatyl  «dBlfi<)ib,eb#igiaib,ityiB.dl )) 
nr2icMn|rl 
andif 


type  23 
mdU 


eidif 

if  («tyiay2.^xhiatyrl  >  dan 
iCM 
nr2-chtotyl 
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tmU 

yrnmlMl) 

wtm*.*}  tw  Xi9  aIM  -  ‘ymlMDym 
Mti(l>i^eo««(l.l)) 

«rilD(*.*)  'm  di^  ^.dbiiqrl 

wrifed*.*)  >igddo 

wM*.*)  'd2 

«w-10a*2.*<dd^2>ddM(l)K<WidlHdBt^)) 
if  J)  ten 

wTiM<*,*)  ’diMMpHKjr  in  ddta  viliMf 
ir(Ciloi«|.Y)teB 

if  (njasr  Jl2S)  ten 

wrte(*.*)  'tefABg  far  ddto' 

faM  lMritdl)*(10a^«v/6.yi00. 

goto  1 


wrilB(*,*)  ^BBiBr  i  to  itottoe,  ntum  to  conttonn  calc.* 
iMd(*.tat)r)UBa 
if  (film  tn*n  goto  3S 
*n4iy 

dHif  (fake.aq.*r)  teto 
writo(*,*)  'ccBvargad  aftoi'jiilBr.’iMtMni' 

wrto<**) 

'iMB  orignd  knetp.  dalto  or  fwat  rac  kar.?  (o  crny 
f«ad(*  tain  fate 
if  (fakanq.'o*)  dm 
iUta<l>idalong 
■igMta(l>ite^o 
dtoif  (faka.aq.'knO  tten 
<UidlH)J«(<Mtt(lhteha(^) 

•«<Utel  H).S«(ngMtdlha«<lBlto<2)) 
else 

wriiBC*.*)  *aator  o  or  m  only 
goao  36 


*  aelect  only  data  from  (O.KyMBlai)<0.9|  far  uaa  ai  Gta 
ifa-0 

dD40ial,a|ila 

if  ((yb(i)-^l)«altyb(i)Jt.0.9))  dm 

tf(nlLaq.l)  icM 
ikl«i 

ykfnk)«y(i) 

aicyKBk)mC<t) 

ttk(iikHib(i) 

8igtollifnk)a«ig)<i) 

cndif 


iOMdtad) 

■IgaflKilfaitafl) 


ii»(4HL 

ol  cakakft(]f>fy,iib,qnAWV^ 

Xmfl -\dMmril) 
■M(l>nB*iqn(OJ*cMi) 

•tau(l)iwrtf)J*cMi*n(M**2H(a2S>ritcf>liSa)**2V 

*  .<ilMm«hw(iyp»)»»2) 

iOMD 


•(D-Miid) 

al  cifci^lfi<yjity.i.i>gimilM>>«. 
M 

dB4Si-l^ 

■UWiJ>aU(i) 

■flaCUHvlQ) 


>iia(*,«) ‘cak»kiii«  Ct  (K-Sy 

iii<«ii»aii*rt»«>%iii 

.  (MMni*a*llmyvn**3**2) 

dk»aOSa«Xa<«iaa*i>liM0>‘*2*OJCM«k«ID(2.*Mtasa)) 

•«dkKaan2*lo(10a*n«i>a><«MCMMi^ 

■igrBitaniy(0.02*cto)**2Hwg»d»i>*titcflci)**2) 
t3lB  •  */•  '.wfcAv 

« 

•cak.liia(C-H) 

• 

vriiB(  *,*}  ’ttdnilalg^i  1 «  Cf  (OH)' 

a(lHWto(l)«aQ^ 

cfcKl  >mwKl  ^2.1  n4.)  .a>6Ml)) 

vl  i«ipfaltdl)*4.*aiyK0J*cicfal  )y(fa*dBlldl)* 

♦  0og(teltel)^tepiayfa^Mpt(a5*cfcl<l))Vti4 

♦  iteZVfa)) 

v2a«gto*4.*a9rt(0J*clcb(l)>td(*w*()c«(dBltdl)*«4BvVUc4^ 

♦  lot(aq(<OJ*cbKl))Vfa«fa^ZVfa)) 

v3«aiggmM.«^03*cfcl<l)Kdi*gw*Ocg(<falto(l)Se»aO^» 

♦  log(i9i(0L5*cid<l))^*fa4l*i;^) 
iigelcfa(l>iaqi<vl**2^v2**2«v3**2) 
writoC*  *)  cfcfal « '.cfaKD;  *h  >i^fch(l) 


*  calculaiB  Wlkha  fomula  cacknato  of  Cf 

write*.*)  tele.  CfWUto* 
if  ((clvndBanq.l)uvtctikiteBn<|J))  dm 
xtw3«. 
etaa 
xtte6. 


xaripte3*0t)254 

call  iripadiK0.4trip.0.01.iVip,iitognajuN) 
stte).0254*at 


fe)it«ua*xV9ia 

cfwlte)49Vnag(0.06*iMt))**2 

aigefwhte).04*cfwh 

call  fkMidaKl-**3.1n«4.0.1.cfwh.i«f^) 
<Wwhmndal«pMAM 
daiclmlte)U*9n«(faat*«(6/7.)Vto 
write*.*)  Of  Wh  ■  'jcfwh,'  '.aigcfwh 

a  Cf  (Whitt)  to  calc.  1  m  ««1.  fh 

write*.*) 'calc.  lataalofveL  fitt  fitan  Cf  Whte* 

dt>«fwh 

aigafDwaigcfwh 


•  cdc.  M  Cf  (C-H) 

• 

write*.*)  'tenlkig  to  calc.  M  CffC-H)* 

cfaaqK2)-0. 

clte^rld). 

i(l)-cfb 

a(2HfalteI) 

ganuzaw'l. 

IteadH 

*  call  nttkig  aubr.  bfl  w/  (^aa  fae  ordy  cocfrideii 

50  cal)  natgBiB(yk,akjigtolkxik.a,4Jiaia,l.eoyard|>te,4, 
a  Cibiate2)4Binma) 

if  (aMcliuv(2)-Ghaa7t)4t.0.000001)  dm 
Gliiaqr)adui9r(2) 
goto  90 
ateif 


call  iiv<gniB(yk,akjigtolk4ik.a,4Jiato,l,Govartepte,4, 
♦  cbiate2)jaaiiaa) 
cld42>tofl) 

iigefcti(2)^qtecoiraKl  .1)) 
write*.*)  'X^a^cicm  ■  *.diiate2)tel ) 

*  m  2n(l  a  (C-H)  to  calc,  fad  te.  (k 
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wrte<*,*)  ‘calc.  M  A  from  ^  CT  CH 
i(l>-cld<2) 

•ifa(l>iai|cfcK2) 

•OHkaafl) 

•iti<2)>iwUti(l) 

iO)xW»B 

u(a(3)w|il((sifoa^)**2^iiitni*ae/v^**2) 

caD  calcakfii(y,ii()r,ab,B|nAa<t*. 

*  abOiffabf,chb(|t<2)) 
wrilc<*,*)  'ftial  Xaqr2  ■  ‘,cliiac|K2) 

uia<i(2>weS<ri(PJ*ciGli(2)) 

•iiiil(2>«<|rt(0Lj*clcii(2)*awa>**24<(O.2S«ii«cfcK2)*ua)*>2)/ 

♦  (a5*cft±<2)» 

lu(2>ivii^laa(2) 

aitK2)  ^m1((^i^^a(2)*HMl(21i^llall(2))**2♦ 

*  (iittiai*tiaii(2y^)**2) 
i(l>attaa(2) 

•i(l(l>wfiil(2) 

•(^taii(9 

•i|a(2)Miill(2) 

lOMaltad) 

a«i(3>Mi«dclla(l) 

call  calciTlfiKy.ii«)i.a.B|»ji|ai^.«j^ 

♦  ypU>igg^r,uplf.iifa^.a|>^f.sitapa>lf) 


>■!  m  wimm 

♦  y]Uai(|i|iiLiirlf.ilr9lf.>v^f.>r>P*^0 

M3 

dD  tf 

■MKg>«lrfU) 

yi<«<ij>wHi) 

iiiyplBi(ij>wfn<(U) 

aplaaCijyafilQ) 

■it4lia(iJ)«(a|ilQ) 

•r«KiJ>ii«wini) 

•WwKyywi^tpacHj) 

doTOi-U 


*  ale.  Wm  frcB  wake  Uw  fit.  aiv  tad  flaiqr  * 


i-2 

doSS 

ub6t(ij>afaf(0 

yp*ai<ij>TT**(j) 

S3  MPdtBie 

« 

•calc.3crfa(C-H) 

wrte(*.*)  *iiaritwn  to  aic.  3rd  Cf  (C-H)' 

chift|K3>^< 

ctuai|ri^. 

^\>Ktk» 

i<2)-dDMl) 

•(3)«w/|na 

fiBum*-!. 

ltNi(2M 


MfaraotiM  alcakrtf(ip.a9ipj^.BkABiga. 

•  bipus;  «piy.  ypxiAtt.  •(!  ■(2HW>*.  ■(3)iaB/ri*. 

•  ottipHia:  ypGtiaAK  from  I***  fit 


imI  xp(nfc)^igip(fik).yp<ok)ji(4).fifli(4). 
♦  dyi^4)^fii(nk)aticyprii{fd().du*4r.var 

ehia^^ 
do  10ts2jtk 

call  wakBla«<xF<0Al^fi>(0.^'^> 
caD  fiiBrT(xp(Oan(MO<Mi<Mifypfi<>)) 
van<y|)(i)>yp6Ki)) 
ch»a<y^chia<y*<vaf^ifypfit(i))**2 


*  calc,  emar  Jd  ate  fivMB  wdee  law  ft  * 


*  cati  fininc  «br.  w/  Cf  and  tp  «  cacfficiaata 

• 

60  call  mxpiua<yk.akjitialk.iikaa.4Ji«a.2,oovar^ 

♦  chia(|K3),fBmna) 

if  (atecli»qr<3)^ia^l  ).gL0.00001 )  then 
chiai)rla«hiiqF<3) 
goto  60 
endif 

garema^. 

call  mr^iB(yk.ak.agMkAa.4Ji^2,cow.alpha.4. 

♦  cfaia(|K3),gBnBna) 

cfcK3H(l) 

tigcfch(3)^V^ccwai(l  .1)) 

^dM4) 

aig^nMqn(covaK4,4)) 

wmd*.*)  ‘XaqrS.CfOC  «‘.chiaqK3).i(l) 

« 

«  USB  3rd  Cf  (CH)  to  calc  3rd  vel.  fit 

wriiB(*,*)*calc  Srdaetof  wl.  fita  fromSidCfCH 

Bip(l^wigcflcfaf3) 

a(2)itelta(l) 

■igaf^wiadBltafl) 

tO)mia/pn 

aigi<3>wqf<(si0ae/gni)**24<aiggin*QB/fna)**2) 

■gd4)^ig^it 

caB  ca)cakrtl(y4|y.td»,lg)ttAaig«» 

♦  ubf^igubTchiaqrO)) 

vri«<*  *)  Taial  >^3  « ‘.chiaqrO) 

• 

alaa(3)-wVvi(0.S*ctcli(3)) 

■iflil(3>Mqr<0J*cfcli(3)*litBa**2.<(a.25*tifcfctO)*aa)«*2V 

♦  (OJ'cfcKS))) 
lan(3)~v*^'*'0) 

■«IK3).ai)rt«a^3)'l«nOVIilta(3))<*2. 

.  (•it|na«ltaa(3y»«)**2) 

a(l)>atra(1) 

■itl<l)^itii1(3) 

i(2Htaa(3) 

■«a(2)>ri«ll(3) 

i(3)ii<lnlti(I) 

•ita(3>wtilBlti(l) 


nbroHin  nton<apaiftap,a,ii|a.ii|yp) 

•  apott:  ap«y,  dlMCC  i(2)-iUta.  aOHWgai.  a(4)i<p 

*  ov^ut;  aigjrpaaiginaf ate)  from  waka  law  fit 

aid«ife’ccaBimUk1.te' 

loal  ipjigxp4<4)^ifd4).w.dy^,d)rdi(4),ngyp 

dyda^0J*i(l))*(Uft*ap)»r*Iii‘a<4)* 

♦  aii<a5*Iii*»pl¥23)*wa(0J*pi*aiyi(5y 

♦  (ik*i<2)» 

call  aiiWaa<apA,'nr/ly<k) 

•i|ypK»i*ip'd5ala)**2 

<fal0i»1.4 

•ifjipi»i|)fpKii»i(i)*d>*<i))**2 

10  ncrtbiai 

•W"v’<»>«yp) 

iMare 


*  ealadaft  y*.  a«.  Mid  a^  front  wake  law  * 


•abroatte  caJcapirrt(a4ivijr.niy.igaaAatga, 

♦  ap.ai|ip.yp.B(rp.y|>«l.li()l]>a>l) 

• 

•  fOpala:  awy,  aflHitaa,  a(2Hte.  i(3)«^ta,  1(4)^ 

*  ealpatt:  jpmpiM,  ypwlayfilaa  from  waM  law 

BdaA  ’ocRanonUkl  ior' 

nal  a(iipia).iip(i^),y(n|ia).ti|3i<iv<a)4<4).ii«i(4), 

♦  i|](apia)^itap(i^)jip(^).ai(yp(iV«>). 

♦  ypaFl(i^)jitypa4(ii|aa).)fl.)r2ayl.qf2,)r3.ay3.iy4 

■F(I)«0. 

niMdHi. 
do  I0ia2,l^ 
aXi)-i<ilM2) 


no 


y|<i>iy(i)MI) 

yMiii<yl))~2 

•y2iwirt((«»I*lSiii(yU*<a(yI))**2) 

y|(»UiHlof(»y<i)>*2.*l<4)*y2)»«b 

y3-lH(4)*yWt 

•y3ii«pi«M»i(4)*yl«4B**2«<iy:^Vy2)**2) 

•infpwKi>wy1<iy3**2»q4**2) 

iit«p(l)  iiDip(2) 

•«y|>(l)>«typ(2) 

li«)ipwl(l)Mityp»IQ) 

ntiiiB 

cod 


Subr.  loeviliMai  dlB  wake  law  vdderfv.  farnvqniaifil  mfar.  * 


whroutine  walukw<apAyp<<h'^) 

aqaiB:  ap-y.  •(2^Mta,  •(3>aWt>ai.  ■(4>4p 

oglpiite  ypiai^.  dydawd(a^)^ 

indtt<fe  'miaiauMkl  Jar' 

laal  ap/<4)  jp^4)  jfl  y2^3^ 

yl«li1<0J*a(l)) 

y24op(ip*a(3)) 

y3-lo|(yl) 

y4.<loi<0J*pi"ap«2»)*1 

yp-yl  •((y2*y3*2.*a(4)*y4V»k**) 
dy<«lM(y2*y3«l*a<4)*y4*l  V<k«*V(4.*yl) 
<lyda<2Kl*a<4)*yl*pi*ap*ain(0J*pi*a|^))* 
♦  c«a(0J*pi*ap(i<2)V(tk*a(2)**2) 

dydiOHl 
<ly<la(4>.yl*l*y4/»k 

latum 

end 


*  Subroutina  to  Ht  uAieu<yAUta)**n  * 


yl«4n(0J*ap) 

yWogtaw) 

y3i4ot(yl) 

ypay  1  *<(y2»y3*r*ipyikaib>«M 
dyp<(y2+y3+2.>*l.Vlk-«b«4.*yl) 
c  aiiili(**)'walMoi*-.CrjrJUdal-'^^.vit 

mbrnn 


•••••••••••••»•••••••••••••••••••••••••••••••••• 

*  BBwfen  niw  lo  calc,  delta  fron  wake  law  (h^nCf  A  an/gai 

••••••••••••••••••••••••••••••••••••••••••••••••• 


&HldBi(Xl.X2pXACC.w/ttBwt) 
PARAkffiTGR  (JMAX-20) 
imiBWTw.5*(XUX2) 

DO  11  J-lyDdAX 
CAilw  ^lKdv(irTNEWTJ’J>P.w) 

RTNEWTHtTNBWT-OX 

IR(X1-RTNEWT)»(RTNEWTX2).LT.0.)  wrte(*.*) 
♦  “jauyad  out  td  fanefatt  in  oawtoi  •olvei' 

V(ABS(DX).LTJCACC)  RSn^N 
It  CONTINUB 

wita(*.*)  ‘fhitWW  BKoaeited  tnaaimuin  iiwitkBa* 
END 


*  Sttlv.  to  oval,  wals  law  for  aafo.  laddel 


■ahroutinp  (folBol^ipjp,<^.var) 

'MWlMtUH  Jog' 

laal  ap,yp^.yl.y2,y3,var 

• 

yl^qf1(03*var) 

yMc^ap) 

y3-»oi(yl) 

yp^l  •((y2^yJ^i*tpytk^tb)-0^ 
dyp^lAtk*ap) 

c  wfilB(*,*)  'daiHlv;  Ra<U^,Cf  ■  ‘,]ip.yp,var 

fotm 


*  mhi.  to  aolva  fiw  iy|au«<  fol  ori(B  * 


fimetkm  dd[ni(spj^.8ifiip,npu,B) 

laal  ap(ii|a)Ayp(i4>B)^i43TOi(a|<npci) 

dslfo-O. 
do  10  i*2.npti 
varKyp(i>*p<i)**a) 

iiCfpfi«*fifRp(i)**(a'l.) 
del  fltwdBi  fk-Kvw^igypO*  *2 
10  cflrtaiM? 

return 

end 


newton  nlw  nibr.  to  faui  Cf  from  wake  law  aval.  ^  delto 


FUNCTION  RTNEWT(Xl.X2.XACC.var) 
PARAMETER  (IMAX-20) 

RTNEWT*  S«(XUX2) 

DO  11  J«UMAX 

CALL  wajkaaolWRTNEWT4’J>P.var) 

DX-F/DP 

RTNEWT-RTNF.WT-DX 

IH((XIRTNEWT)*<RTNEWT.X2).LT.0.) 

♦  wnte(*.*)  ‘jufi^iad  out  of  brackete  in  rtoewf 

IP(ABS<DX).LT.XACC)  RETURN 
1 1  CONTINUE 

wriiBf*,*)  RTNEWT  oaceeded  maximifn  iteration^ 
END 


lubroBtiBB  iripa«lv(Xl,X2,XAOC,xaip,utogna.itnBwi) 
PARAMETER  (JMAX«20) 

RTNBWT«.5*(XUX2) 

DO  11  MpIMAX 

CALL  tripaq(RTNEWT,F4>P,av^ip,utofni) 
c  wnto(*,*)'1i’^)aolv;XoLyB'.ilBBwt.f 
DXaP/DP 

RTNEWT.RTNEWT-DX 

IP((X1RTNEWT)*(RTNEWT-X2).LT.0.) 

*  wnto(*,*)'j«ii^tod  out  erf^  bracken  in  tripdv  newton  aolver’ 

IPtABS(DX).LT.XAOC)  RETURN 
11  CONTINUE 

writo(*,*)  'b^ooK  eaceeded  maxiiBuin  itoraiioni’ 

END 


*  nbr.  toeval.  nipaolv  fomaila 


lufarovtaiB  tnpaq(xp^,^rp,xtrip,ulapia) 

include  ’conmonbikl  icr‘ 

^  xp.yp.dyp,yl.y2jr3.xtrip.uto(nu 

• 

ylvin^xp 

y22iO  J7*yIAyl  *uto^u)*«0.2 

y3w33*e^2.)*atrip^xtnp*utotnu)**0J 

yi>-y2y3 

dyp»y2/yl 

t  wtW*.*)  Mpa^  Xal,y^trip,iitatiai  •  '^,yp,xtrip.alD0ai 


*  Sofaroutinc  to  evahiaiB  the  wake  law  aohitiai  m  delta 


lubroutine  wakaealv(xp,yp/lyp.var) 

inclu<k  ‘commanblkl  .for* 
laal  >p.yp.dypjrl.y2jr3.ver 


WRTOnLE.FOR;29: 
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•wTtoTdeior-fiibraittiiv  to  writs  M  velocity  praf^  * 
•  nelytis  leeul*  to  fie  * 


mfaroutsie  witofUe 

includB  'cmitoaUkl  .for' 
iqcIiuIb  '«*<**— ****t^'^^  fc* 


whlB(*.*)  ’writinc  lesuloi  to  fife' 


wrilodl.lO) 

wnle(12,l0) 

10  faraiBtC/. 

♦  jjj  •••••••••••••••••••••••••••••••••••••*/ 

•*>  lx,’*  AoelyafeofTBLvelocityprafile  **/. 

4  I,;#*.***#*#.***************************) 


writed  1,20)  ^iii.tojBCto,po^i|po,fl>o,si^hD,cp,iiCcp,^tt. 
4  »igy»tJtfi,ri^ejr.»ice.ee,eitue,dehe(l),Mttfelte<l)/edBl, 
4  wiiedBl  ^«**t^***« 

4  xt,(felonc^«dBk>,dBlte(2)^iCdelti<2)^wh^cteck 

20  fbnmKlx.’tt  oi  dett  pli.  ■  ‘.i2y,lx,To  ■  'J6X  */'  *. 

4  03:  K'J,}  »  >1 16:  ♦/'  >1  2j6:  nto^2/l  x, 

4  'dmity  » ‘.fB-fi,’  */•  kiAw^Ty.lx.'Cp  »'.el2ii, 

4  •  4/-  •,el26.' JAf  *>12.6;  4/.  >116. 

4  ’  N  tAn^iy.U.A  »  >116;  */■  \el2.6;  WAn  K’/lx. 

4  ■Pr  •  'J03:  4/.  >10.4y.U.T>  » '.fl  j;  ♦/•  •.f8.6. 

4  ‘  in/fy,lx.‘dDita  s'jelU;  4/-  ’.elU;  m'J.lx, 

4  iiadBife  «  aus:  *h  >n3/ix.thBii  -  >11  j;  *h  \ 

4  el  1  j;  m'/lx.Urthei*  » '^11 J.'  *h  >1 1.5/lx. 

4  ‘(fattr  -  >1 1.3;  4/-  '.ell.S;  m'/U.'Xi  *  *416.9;  m'J, 

4  lx.'deltx  &an  irtwpn.  <■  *416.9;  4/<  '4I6.9;  m'/lx, 

4  'delta  from pow.  fit  »'4l6.9;  4/-  '4I6.9;  m’/.lx, 

4  'delta  from  Cf  (Wh.)  ■  '4I6.9;  m'J.X  x, 

4  'delta  from  Wh.  few.  »‘4l6.9;  m*) 

• 

if  (chotoBJte.'O  then 
wriie(12,21)' i'.tab;  y  ',1^, 

4  ngy  '.tab;  tt  '.tab. 

4  eiftt  '.tab.'  uAte  ‘.tab, 

4  ru/ue 

21  fanfiat(/.li,al6(al4l6)) 
do  25  ielyv** 

wn«B(]2.26>i,tab.><i).tab^iiy(i).tab,ufiXtab^iiu(iX 
4  tBb,ub(D.tabjt|ab(0 

25  coDtiauB 

26  farxiiaKlx,il6(al4l6.9)) 
endif 

• 

dol00i»l.S 

« 

wri»)(  11. ■(/)*) 

WritDdl'C/)') 
tf(i.eq.l)  (ben 

writodl  30)  'Wh.'.l  .cfwh.a4cfwh,eh  wjKl ) 
elaeif  {voq-'D  ten 
wrM1131)  'K-S',l,cfkiAt|cfka 
elaeif  (ieq3)  ten 

wrifedUD  'C-KXi-2).cfch(i-2).aiicfch(»-2) 
elae 

wrifcd  1 30) 'C-H’yi-2).cfch(i-2).aifcfch(i-2).chiaqi<i-2) 
endif 

30  foTOKlx;Cf  f43;.'41.')  -  >W*7;  4/.  >14.7, 

4  /,lx.'RedBoedChi*Bqiiafed«'4l63) 

31  fornwKlx.'Cf  C45;.71;)  •  >l^-2;  4/-  ’.aU.T) 

if(Llt3)thea 

wntD(11.40)tk,tb,tp 

elae 

wrifed  1 3O)  tk.tb.tpfit^ifB’l’o 
endif 

40  facfnatdx.'tfal  coral.  k«'.ft.2y,lx.'Mc(xuLB  s'. 

4  0.iy.lK,'te  oorsLPa'yS.l) 

50  (annat(lx,'d)l  cflraLk«'3*.2y,lx,'te  conaL  B«'. 

4  D.l/.lx.‘McoBaLP(frarafit)>'yi0B;4A', 

4  noj) 

• 

if  ((i«q.l  )xryi«q.4)4xyi<eq.5))  ten 
if(inq.l)ten 
k-1 
ebe 
k«t-2 
endif 

wriMdl  .60)  nttu(k)4ifid(k)Jtaii(k)  Aitli(k), 

4  tiihflaa(k)4«n6ip(k)4wplua(k).aii^^ 

60  fonraldx.'UtaB  •  \t9A:  *h  'JAA.'mN  J 
4  lx,‘Lta«**jol4.7;4A*^l4.7;irf/ 

4  lx,‘H4«‘/4.i;4/*y3.i;walluiiita'y 


4  Ix,’a4*74.i;4/-'y3.1.*wallimita7 

« 

»rMt2,7a)'f.Bb,'  yU  '.lab. 

*  qrM  '.tab.'  Jiplaa  '.rt. 

.  '  ayfiaa  '.tab,'  aM  '.tab. 

*  n^af  '.lab,'  ^at  '.tab, 

4  mplaa 

70  f<iiiM</,lx42J(al4l^) 

wriM<*a*)'lHr 

dDlOjwl.1^ 

wfted23^  j.tobjib(j)yBb4%yb(i).febjfpha^  j). 

*  tab4it)^m(kj)yah^fitfkJ),tri».ai<nbfiiftJ).tab. 

4  i^«i(kJ).tab4igHplM(k^ 

90  R)niial(lx.i23(al,il9J)) 
endif 


CALCDRAG.FOR;16 


*  calcdti^for  Bubrottima  to  atom  calcalaiad  Cf  a  rad 

•  aae  te-*  to  t**<^«**  Cd  end  Cd  ritioa 


*aiifar.  to  atom  Cfvatues  for  later  uae  * 


aubroutine  efixexe 

* 

inclade  'ccmnonkikHcr' 
incltufe  'coaiDonhlkS.fiar' 

writef*,*)  'atorin*  Cf  d«a* 

• 

if  (dtundexJtl)  ten 
oridbef 
ete 

endif 

if((chHiriexoq.l)4x4tbaidBXo«|3))ten 

napo^l 

elae 

napo^2 

CBH^ 

• 

aevxl(»Mfejspcx)sxt 

dol0i«13 

if(iaeq.l)teo 

avcf(nai^.nipoia>)*<^wb 

Mvac^nai^4U|Ml.i>raitcfvb 

cbeifCinqDten 

aevcl(nBidarapoM)*<^ 

aavacf(Dai^.napoM>*eifcfka 

ebe 

aatvaeff naide  .napoU)^t(cfd:^  i-2) 

endif 

10  oxtnie 

• 

letnm 

rad 


*f«br.  to  cal  nil  ew  Ofa  aatd  Cdl/Cd2 


aabroatma  tefcalc 

indeda  *tmaiMX>Mk2.fr»' 
indade  'cotBraaiblk3.fqr' 


wrilBf*.*)  'calcalatini  Cd* 

wrifc<ll.'W7 

^  (chindaxJtJ)  ten 
naidawl 
ebe 

naidaaZ 

endif 


112 


*  calc.  Cd  tryianiihl 

•dl  KwvcKBiidi.2»iHMvcCniidB.l  ^)y2. 

Mdl  ■Kr<(0*^*mctaid»Ai))**24 

•d^Mvxl(aiid».2>-*^l(ntiA.  1 )) 

»dZiiwrKl)*04)QS 

cfd(  1  ^idi.i)i«dl  *id2 

•i•cfd(l4l^^)^l^(Hdl••(S)•*24<Nd2•ldl)*•2) 
•rnto(*,*)  i.'tnik  Cd 
♦  fitcid(l.i)iidi4) 

wnta(l  1 .1 S)  1  .DadB.O  jifcfdd  ^ide^) 

15  i«nw(i«;cdr.a;;4i.‘.'^i;)  -‘4iw;  ♦/-  '416.9) 


CP  «  SPECFIC  HBAT  AT  CONSTANT  PRESSURE.  JAKG  K)* 
ONU  -  DYNAMIC  VISCOSrTY.  (N  S)Abi**2)  • 

K  -  THERMAL  CONDUCTIYITY.  WAra  K)  • 

PR  »  PRANDTIL  NUMBER  • 

DATA  FOR  AIR  AT  1  ATMOSPHERE  • 

SOURCE:  ratSENRAlHNBS  CIR  564  • 

QC2Mil695  * 

WRrTTEN  GERRY  OUENNETIE/MODIPIEO  BY  TIM  STONE  • 


C 

SUBROUTINE 

AlRnt>4IOTO.CP410CP,aNU.SIOGNU4CA.SIGKApR4K3nU 

C 

DikCNSlON  TICaS).CI>TAB(75).0NUTAB(S3).KTAB05) 
REALM  GNU.ONUTAB.GNUO.KAJCrAB.ICO.KK 
CHARACTER*  12  GAS 


*  uainf  C^«^**b  iamny<k» 


TABULATED  DATA 


WTttBdl.'W') 


Twty— me  valoM  for  tiblea 


20 

22 


DATATX/ 

200, 

220.  240,  260. 

(fc>20i-13 

2 

300, 

320. 

340.  360.  380. 

adl  ^avcRnaida,!  ,i}itan«cAnaMfe,21) 

3 

400. 

420. 

440,  460,  480. 

aadl  vqrt((aavacA»idc.  !4)*adlAtvcAMidB.l 

4 

500, 

520. 

540.  560.  580. 

(«vacf(aiidD,20**dlAM«ABiide,20)**^ 

5 

600, 

620, 

640.  660.  680, 

■adl-aadl/Ml 

6 

700. 

720. 

740.  7601  7». 

•dl-iot(adl) 

7 

800. 

850. 

900.  950.  1000. 

ntr^wrAinali  .TynriAfabi.l ) 

8 

IQM. 

1100. 

1150.  1200,  1250. 

Md2»KiiA(O.OOS*ad2/Mvxt(nUk.l))**24> 

9 

1300, 

1350. 

1400,  1450.  1500. 

(0.005*ad2AavaAmide,2))**^ 

t 

1550 

1600. 

1650,  1700,  1750, 

9adlsmad2/wd2 

1 

1800, 

1850, 

1900.  1950.  2000 

ad2-lof(ad2) 

1 

2050, 

2100. 

2150.  2200.  2250, 

bAi)^lM2 

1 

2300, 

2350, 

2400.  2450,  2500, 

*Wadl  )**2><aad2*tyMa)**2) 

1 

2550. 

2600, 

2650,  2700.  2750, 

aA  i>^vcAniHk,  1  .t)*aavxl(MidB,l  )**bA0 

1 

2800. 

2850, 

2900,  2950,  300(y 

saAi>-M]^(«vacAi»kk,l,0*«A>VMvcAmid(:.l.i))**24 
(O.XS*bAi)*af(>)/Mvn(nikfe.l  ))•*!* 
(.bAi)*atO*lo*(Mv«AmidB.l)))**2) 
c«l  .'bAO 
k^AO 
■dl^iVc 

Mdl  ««r<(MA>)Sdl/al(i))**24<»c*adl/c)**2) 
•d2s««vxAti*tdr.9**e 
M<12a«^(O.OQS*c*M2AaviAtuide.2))**2> 
(K*a<Q*loB(ttvin(B«idr.2)))**2) 
•d3-uvxAw«fe.l)**e 
aad3«aqn((0.005*c*td3/MvxAaiKfe,l))**2-f 
(•e*rd3«lo|i:tty«t(fukte.l)))*«2) 
cfd(2mkdB4>mll  *(KtI«0) 
iiCcfd(2,fMtdB.i>M^<ndl  •(•d2^»d3))«*2« 

(Hd2«*dl  )**2’KMd3*«dl)**2) 
wriiB(*.*)  Cd  •  ‘.cCd(2.midB4),'  ♦/- 
•iCcfd(2,nii^.O 

wniB(I1.29  2.niidB.i.cfd(2.iindB.i).iigcfd(2.n*i^.i). 
•A04iAi).bAi)4bAi) 


fonmAU.'CdC.il/.Ul.V.il.')  *'416.9;  ♦/-  *416.9. 

with  ■  «'.gl6.9;  ♦/*  '4l6.9;andb 
Il6,9;  ♦/■  *416.9) 


*  ifnec.,  calc.  <fra4 .  o 

if  (dundMj6q.4)  tfara 
do30i-l,2 
do2S  jat^S 

cfdfaAy)-c.'-d(i.2j)Afd(i.lj) 

»i(cf<b<>J)^A(iiicfd(i.lJ)*cf4aAijycfd(i,lJ))**i 

♦  (»ifcfd(i.2j)*cf4aAij)Afd(Uj))**2) 
wriifl<*.*)  ij.'Cd2A:dl  -  ’.cfAaAiJ);  ♦A 

*  sifcfdKij) 

writod  133}  iJ,cfdraAiJ}.ri|cf4<iJ) 

25  c<vaiziue 
30  cortaiye 
endif 

35  foimatf  U.'Cd2/Cdir.ii;;.ii;)  -  '4I6.9;  ♦/-  ‘4I6.9) 

fetum 

Old 


•  Specific  heat  at  ccamaft  pnamre  tabic  for  AIR  at  1  atmoapteie 

•  for  200K  TO  3000K 

DATA  CPTAB/  3S062.  33036.  3.5028.  3.5028. 33038. 

2  33059. 3.5091. 33134.33188. 33255. 

3  33333,  3.5422, 33523, 33S34,  33754. 

4  33882.3.6019.3.6163,33313.34468. 

5  33626.3.6788.33953.37120.3.7288. 

6  3.7455,3.7621.3.7789.3.7954.34118, 

7  3  428.  3469.  3.906,  3.944,  3.979. 

8  4.013.  4.046.  4378,  4.109,  4.140. 

9  4.171.  4.201.  4.230.  4.260.  4.289. 

4321.  4352.  4385.  4.418.  4.451. 

4487.  4324.  4366.  4311,  4.662. 

4.719.  4.781.  4356.  4.947.  5.055, 

5.179.  5321.  5484.  5.670,  5382, 

6.12,  6.40,  6.71,  7.06.  745, 

737,  8.35,  836,  9.40,  9.96/ 

• 

*  Viacoaity  laMe  far  air  at  1  annoaphcrc 

*  for200KT01900K 

DATA  GNUT  AW  0.7742. 03391, 0.9015. 0.9617, 1.020. 

2  1.076,  1.130,  1.183,  1.Z34,  1.283, 

3  1332,  1379,  1.425,  1470.  1313. 

4  1356.  1398,  1.640,  .1380,  1.720, 

5  1.758,  1.796.  1334,  1370.  1.906, 

6  1.942,  1.977,  2012.  2046,  2080, 

7  2112,  2193,  2271.  2346.  2420. 

8  2492  2362.  2629.  2696,  2760. 

9  2324,  2886,  2947,  3.007,  3.066. 

I  3.123,  3.180,  3.235  ,  3.290,  3344. 

1  3397,  3.449,  3.501/ 


•  Tbarma)  conductivity  tabic  for  av  at  1 

•  forlOOKTOlOOOK 

• 

DATA  KTAB/  0.7494, 03196,  0.8885. 0.9561. 1.022 

2  1.087,  1. 151.  1.213.  1.275,  1  335. 

3  1.394,  1.452,  1309.  1365,  1.620, 

4  1.674.  1.727.  1.779,  1331.  1.881, 

5  1.931.  1.980,  2028,  2076.  2123, 

6  2169.  2214,  2259.  2304,  2348, 

7  2392  2.498,  2.600,  2701.  279W 


•  LINEAR  INTERPOLATION  ON  INPUT  TEMPERATVRE 


AIR.FOR;14: 


SUBROimNE  Ama.MA.RA.CPA.OA>nJA.KAJ>RA)  • 

THIS  SUBROUTINE  PROVIDES  THE  THERMODYNAMIC  AND  TRANSPORT* 
PROPFRTIESOPAIR  * 

T  •  TEMPERATURE.  K  • 


DO  100  1-1.75 
IPCTOLE.TICfO)  GO  TO  200 
100  CONTINUE 

WRITE(5.*)  INPUT  TEMP  TOO  LAROB* 
STOP 

200  IPflRQDTHEN 

WRnE<5.*)  INPUT  TEMP  TOO  SMALL* 
STOP 
END  IP 

TFACT<rO*Tlt(l- 1  ))/mC(I).TKf  I- 1 )) 
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•  AIR  SFECIFIC  HEAT,  UAKOK)! 

a>o-2r7.04i 

CP-CPO*(CPTAB(llH‘rPACT«(Cin‘AB(I>-CI>TAB(I.l))) 
SK}a»«AflS<SICrO*CPO*(CPTAII<l>CPTAB(I.l  ))/(TK(l)-TIC(M ))) 

•  AlRVlSCOSrrY,[KQ^S)l 

• 

ONU-l  ASSB-6*SQilT(TO:^  1  >1 1 OA/TO) 

SlOONU-ABS(SiOT0*0 438E-6»(1  TSQRTCTOHa  *1 10.VrO**1.3V 

♦  (1.4lia4/TO)**2) 

• 

•  AW  THERMAL  CONDUCnvrrY.rw/CMK)l 

K0-Z414B-2 

AK-0A32SES 

BIU245.4 

ac«ii 

ICK«5.77B.5 

iCA-Ko*(AK/icit)*SQin-(Tov(i  •cK/ro)yro) 

vl-OJ»KO*AK*(l>BKMO**<-l.*CK/TOyroy(KK*SQRTCTO)) 

v>KO*(AK/KK)*SQRT(TO)*BK*10.**(-l.*CIC/rO)*(CK*LOO(10yrO-l) 

♦  /ro»*2 

v3-<l>BK*ia*«<-l.*CK/TOyTO)**2 
SlOK  A«ABS<«ifo*(vl  •v2}A3} 

•  AIR  PRANDTt  NUMBER 

PR*<}NU*a*/KA 

SIGPR*SQRT((SIOGNU*CP/KA)»»2+<SIGCP*ONU/ICA)**2+<SIGICA* 

♦  CP*GNU/KA**2)«2) 

• 

RETURN 

END 


MRQMIN.FOR: 


SUBROUTINE  MRQMIN(X.Y,SIG>rDATA.AXAJ.lSTAXFrr. 

•  COVAR>LPHAJiCA,CHlSQALAMDA) 

PARAMFTER  (MMAX-20) 

DIMENSION  X(NDATA).Y(NDATA)^IO(NDATA)>k(MA)4-ISTAC  ^-IT). 

• 

COVAR(NCAJ^CA)>aPHA(NCA.NCA).A7RY(MMAX).BETA(MMAX)J»A4MM 

AX) 

1RALAMDAXT.0.)THEN 

KKsMFIT^l 

D012I>t>4A 

IHTT-O 

DOU  K*1>IFIT 
IP(USTA(IC)£QJ)lHIT*rHrr+l 

11  CONTINUE 
IF(IHrr£Q.O)THEN 

LISTAIKKH 

KK-KK^l 

ELSE  IF  dHrr.GT.l )  THEN 
PAUSE  'Iiiywipw  penniUtian  in  LISTA* 

ENDIF 

12  CONTINUE 

IF  (fOCJIEXMA^l))  PAUSE  In^npor  pernittUtioo  in  LISTA* 

ALAMDAM).001 

CALLMRQCOP(X.Y.SIONDATA>^>tA.USTA>!FIT.AIiHA.BETA.NCA. 

•  CHISQ) 

OCHISQ-OTISQ 
DO  13i»l>IA 

ATRYCJHMi) 

13  CONTINUB 
ENDIF 

DOlSJ*l>ffTr 

D014K«l.MPrr 

COVAR(i.K)-ALPHAU.K) 

14  CONTINUE 

COVAR(JJ>iAL«IA(J3)M  ♦AlJkMDA) 

DA(J>-BfrrA(J) 

15  CONTINUE 

CALL  OAUS5XCOVAR>inT^CA43A.l  .1) 

1P(  AlJkMDA  EQ.O.  rrHEN 
CAIi,  C0VSRT(C0VAR,NCA>IA.L1STAMFIT) 

RETURN 

ENDtP 

DOlSI-IMFrr 

ATRV(LISTA(J)>iATRY(LISTA<J))*DA(J) 

16  CONTINUE 

C*I^MRQCOP(X.Y^IO/IDATAATRYMAJ.ISTA.MFrT.COVARPAJJCA, 

•  CHISQ) 

IPICHISQLT  0CH1SQ)TT®N 
ALAMDA-0.1  «AlJkMDA 
0CH1SQ<CHISQ 


Doiti«i>fFrr 

DOl7fC«l>IPrT 

ALmA(J.I0>COVARCIJC) 

17  CONTINUE 
BeTA(J>-4>ACJ) 
AaiSTA(J))«AlRY(USTAa)) 
It  CONTINUE 
ELSE 

ALAMDA-10.«ALAMDA 

CHISQ^XHISQ 

ENDIP 

RETURN 

END 


MRQCOF.FOR: 


SUBROUTINB 

MRQCOP(X.Y3IO.NDATAAMAJLlSTA.MFTTALPfU.BETA34ALP. 

*  CHISQ) 

PARAMETER  (MMAX-20) 

DDANSION 

X(NDATA).Y(NDATA).SIO(NDATA).ALPHA(NALP^AI.P).BETA(MA). 

•  DYDA(MMAX)3.ISTACMPTT) 

D012j«lMPrr 

DO  11  K-U 
ALmA(J.K)«0. 

11  CONTINUE 
BETAIJ)>4. 

12  CONTINUE 
CHlSQ-0. 

DOISI-IJNDATA 

CALL  wtkBlft«<X(l».YMODJDYDA) 

S1G21-MSIG(I)*SIG<I)) 

DY*Y(I)-YMOD 
D014l«l>fP1T 
WTM>YDA<LISTA(J))*SIG2J 
X«1J 

ALPHA<J.K)«ALPHA<J.K>*WT»DYDA(USTA(K)) 

13  CONTINUE 
BBTA<J>«BETACJ)*DY*WT 

14  CONTINUB 
CH1SQ-CH1SQ*DY-DY*S102J 

15  CONTINUE 
D017J.2MF1T 

D016K*M') 

ALFHA(1U)*ALmA(),K) 

16  CONTINUE 

17  CONTINUE 
RETURN 
END 


COVSRT.FOR: 


SUBROUTINE  CX)VSRT(CX)VARNCVM,MA4-lSTA>IFTn 
DIMENSION  COVAR(NCVMNC^)LISTACMim 
DOl2;«l.MAl 
DO  11  M^^IMA 
OOVAR(UH> 

11  CONTINUB 

12  CONTINUE 
DOMUlMPn*! 

DonM^iMPrr 
IP(USTA(J).C7TiJSTAfl))  THEN 
COVAR(LISTA(J)^ISTA(I)XX)VARnj) 

ELSE 

COVAR(LISTA(I).USTA(l)><X)VAR(IJ) 

ENDIF 

13  CONTINUB 

14  CONnNUE 
SWAP-COVAR(l.l) 

EX)1SJ-1>IA 

OOVARCI  .D-COVARU  J) 

C0VAR(J4)^- 

15  <X)NTINUB 

COV  AROJSTAC  1  )3JSTA(1  ))«S  W  AP 
D0161«2MFrr 

COVAR(USTA(J)3JSTA(J)>iCOVAR(l  J) 

16  CONTINUE 
D01BJ*2,MA 

DO  17  UU-l 
C0VAR(IJ)«C0VAR(J4) 
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17  OONT1NUB 

18  CONTWUE 
REnJRN 
ILND 


GAUSSJ.FOR: 


SUBROUTINE  0AU$SKA/^^3X^P> 

PARAMETER  (NMAX-90) 

DIMENSION 

A(NP^.B(NP>fP).IPfV(NMAX).INDXR(NMAX).INDXC(NMAX) 

DOllJ-l^ 

IPtV(JH> 

11  CONTINUB 
D0  22I«1^ 

BKM). 

DOnJ«l^ 

lP(IPfV(j)J4B.l)inBN 

D012K«i;< 

IP  (IPfV(IORQ.O)  THEN 
IF  (ABS(A<J.K)).OBRIO)‘mEN 
B1G«ABS(A(J.K)) 

1ROW«] 

ICOL-K 

ENDS’ 

ELSE  DP  (S>fV(K).OT.l)  THEN 
vnie<*.*)  ‘iin(iilar  malrui' 

RETURN 

ENDIP 

12  CONTINUE 
ENDIP 

13  CONTINUB 
a>iv(iGOL)-inv<iooLHi 
S’  (IROW.NEJOOL)  THEN 
DOU  L*I^ 

DUM«A(IROWX) 

A(OIOWX^A<ICOL.L) 

A<ICOL^K>UM 
U  CONTINUE 
D015L-1M 
DUM«B(IROW^) 

B(lROWX)*B(ICOLX) 

BdCOIJ.HMJM 
15  CONTINUE 
ENOS^ 

1NDXR(0«(ROW 
INDXOO^ICOL 
F  (A<iCOL.ICOL).EQ.O.)  ten 
wri«B(*,*)  inntru' 


RETURN 

mM 

PIVINV«17AOCOL.ICOL) 

A(ICaLJCOL)«l. 

D016L-1^ 

AnC0L4.>iA(IC0LX)nTVINV 

16  CONTINUB 
DO  17  L«l>l 

B(IOOUL)-a(ICOUL)*PfVINV 

17  CONTINUE 
D021LL»1^ 

F(LLiIBJCOL)THEN 

EXJlteA(LLJCOL) 

AOXXOLHX 

D018L-1^ 

AaJ4>A(U4<)A(ICOL.L)*DUM 

18  CONTINUB 
DOI8L»l>l 

B(mL>-B<LLJ.>-B(ICOL^)*DUM 

19  CONTINUB 
ENDIP 

21  CONTINUE 

22  CONTINUE 
DOMUN.l.-l 

IP(INDXR(L)JIE1NDXC(L))THEN 

D02SIU12I 

DUIteAnUNDXR(L» 

AOC4NDXR(L»>AOCJNDXG(L)) 

AOCJNDXC(L))-DUM 

23  CONTINUE 
ENDS’ 

24  CONTINUB 
RETURN 
END 


RTNEWT.FOR: 


FUNCTION  RTNEWT(X1X2^CC^) 

PARAMETER  (IMAX«20) 

RTNEWT-J«(XUX2) 

DOll  J«t7MAX 
CALL  w«tedv(RTNEWT.P4>P^) 

DX-F/DP 

RTNBWTMITNBWTDX 

lP((XMrTNEWT)*(RTNEWT-X2)LTX).)PAUSB  pmptd  out  oftnnckett’ 
S^ABS(DX)1.TXACC)  RETURN 
II  CONTINUE 

PAUSE  RTNEWT  exoeedinf  maximuB  Haratiou’ 

END 


C.4.  Momentum  Transfer  Analysis  Results 

A,  Freestream  Turbulence.  The  root-mean-square  freestream  turbulence  was  measured 
to  be  below  1  percent  for  freestream  velocities  above  8.5  m/s  and  below  0.8  percent  for  freestream 
velocities  above  12.5  m/s. 


B.  Streamwise  Pressure  Gradient.  The  streamwise  pressure  gradients  were  small 
enough  that  their  effect  upon  riblet  performance  was  negligible.  For  freestream  velocities  below 
1 5  m/s,  the  drag  and  heat  transfer  reduction  range,  the  streamwise  pressure  gradients  measured 
with  the  pitot-static  probes  were  all  less  than  8  Pa/m  and  the  majority  were  less  than  3  Pa/m.  In 
terms  of  the  Clauser  pressure  gradient  parameter,  all  P  were  less  than  0.07  and  the  majority  were 
less  than  0.02.  The  results  of  the  research  into  the  effect  of  pressure  gradient  on  riblet  performance 
summarized  in  Coustols  and  Savill  (1989)  indicate  that,  for  these  values  of  p,  the  degradation  in 
drag  reduction  should  be  less  than  1  percent. 
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C.  Boundary  Layer  Thickness.  The  boundary  layer  thicknesses  calculated  via 
interpolation  from  the  velocity  profiles  measured  over  the  flat  and  ribleted  plates  as  well  as  the 
thickness  calculated  from  the  empirical  formula  2.41  are  shown  in  Figure  C.l,  Boundary  Layer 
Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted  Plates.  The  trends  apparent  in  the  graph 
are  fairly  close  similarity  between  the  flat  and  ribleted  plate  results,  wide  scatter  of  the  data  at  low 
Reynolds  numbers,  and  fairly  large  discrepancies  between  the  measured  and  empirically  predicted 
values.  Indeed,  for  90  percent  of  the  cases,  the  calculated  values  were  lower,  in  most  cases 
significantly  so,  than  the  values  predicted  with  the  empirical  formula.  The  results  seem  to  indicate 
a  fairly  serious  deficiency  in  the  calculation  methodology.  Unfortunately,  time  did  not  permit 
resolution  of  this  particular  problem. 

Although  these  results  raise  questions  as  to  the  accuracy  and  validity  of  the  momentum 
transfer  results,  the  particular  method  of  calculating  skin  friction  was  insensitive  to  even  large  error 
in  boundary  layer  thickness  and  so  its  accuracy  and  validity  are  unaffected  by  the  problems  in  5 
calculation.  The  Coles  Hirst  3  method  of  calculating  Cf  depends  primarily  upon  the  slope  of  the 
profile  in  the  lower  and  middle  regions  of  the  boundary  layer.  In  addition,  the  fit  coefficients  used 
in  this  method  include  a  parameter  to  account  for  inaccuracies  in  the  boundary  layer  estimate. 
Indeed,  during  attempts  to  improve  the  boundary  layer  thickness  calculation  methodology,  the 
author  noted  that  changes  in  5  of  up  to  50  percent  affected  the  resulting  Cf  calculation  by  less  than 
1 .5  percent! 

The  deficiencies  apparent  in  the  calculation  of  5  propagated  through  the  calculation  of  the 
displacement  and  momentum  thicknesses.  The  displacement  thicknesses  calculated  via  numerical 
integration  of  the  velocity  profiles  measured  over  the  flat  and  ribleted  plates  as  well  as  the  thickness 
calculated  from  the  empirical  formula  2.43  are  shown  in  Figure  C.2,  Displacement  Thickness 
versus  Reynolds  Number  for  Flat  and  Ribleted  Plates.  The  results  echo  the  trends  of  the  d 
calculations  almost  exactly  since  d  directly  affects  the  amount  of  profile  integrated.  The 
momentum  thicknesses  calculated  via  numerical  integration  of  the  velocity  profiles  measured  over 
the  flat  and  ribleted  plates  as  well  as  the  thickness  calculated  from  the  empirical  formula  2.42  are 
shown  in  Figure  C.3,  Momentum  Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted 
Plates.  As  with  8*,  the  results  echo  the  trends  of  the  boundary  layer  thickness  variation  with 
Reynolds  number  very  closely. 

D.  Velocity  Profiles  and  Cf  Calculation  Curve  Fits.  The  results  of  three  separate 
boundary  layer  traversals  performed  at  the  same  fireestream  velocity  are  shown  together  for 
comparison  in  Figure  C.4,  Test  of  Velocity  Profile  Repeatability.  The  three  traversals  were  each 
taken  on  separate  days  at  the  same  streamwise  location  but  at  different  spanwise  locations,  yet,  as 


can  be  seen,  the  results  show  very  low  scatter  and  excellent  repeatability.  Indeed,  the  skin  friction 
coefficients  calculated  from  the  profiles  were  within  a  2  percent  range  (i.e.,  they  agreed  to  ±1 
percent),  which  is  actually  about  1.5  to  2  times  more  accurate  than  would  be  expected  based  on 
studies  such  as  Harotinidis  (1989). 

Although  the  possible  presence  of  differences  in  the  boundary  layers  was  not  ruled  out 
with  measurements  specifically  aimed  at  detecting  them  nor  accounted  for  in  the  data  analysis,  the 
values  of  coefficient  of  skin  friction  calculated  from  velocity  profiles  fore  of  the  test  sections 
suggest  that  the  momentum  aspects  of  the  boundary  layers  were  similar  enough  not  to  degrade 
seriously  the  accuracy  of  the  experiment.  Due  to  time  constraints,  the  velocity  profile  repeatability 
test  was  performed  only  upon  the  flat  plate  test  section  side.  Thus,  an  unquantifiable  amount  of 
error  could  be  present  in  the  results  due  to  differences  between  the  boundary  layers  over  the  flat 
plate  test  section  side  and  that  of  the  ribleted  test  section.  However,  in  all  test  runs,  the  coefficients 
of  friction  calculated  from  the  velocity  profiles  fore  of  the  test  sections  agreed  to  within  their 
uncertainties:  all  w  ere  less  than  8  percent  different,  and  the  majority  were  less  than  5  percent 
different.  That  the  values  on  the  ribleted  side  tended  to  be  lower  might  indicate  that  this  difference 
was  due  to  the  2  inches  of  ribleted  wall  upstream  of  the  riblet  test  section.  No  attempt  was  made 
adjust  the  calculation  of  drag  or  heat  transfer  reduction  for  these  possible  differences  in  wall 
boundary  layers. 

One  of  the  many  test  case  validations  of  the  Coles  Hirst  3  method  of  calculating  Cf  is 
shown  in  Figure  C.5,  Validation  of  Profile  Analysis  Program.  A  dummy  data  file  was  created 
using  the  wake  law  and  analyzed  with  the  VPFIT?  program.  These  data  are  plotted  as  squares. 

The  resulting  curve  fit,  which  predicted  the  Cf  used  to  generate  the  data  to  within  0.005  percent,  is 
plotted  as  a  solid  line. 

The  complete  set  of  velocity  profile  measurements  from  which  skin  friction  was  calculated 
is  shown  in  Figures  C.6  through  C.  15.  The  velocity  measurements  versus  distance  from  the  wall 
are  plotted  in  wall  units  along  with  the  curve  fits  calculated  according  to  Coles  Hirst  method  3. 

The  top  graph  in  each  figure  shows  the  profile  just  fore  of  the  test  section  and  the  one  below  the 
profile  just  aft.  The  figures  come  in  pairs,  the  even  numbered  ones  being  the  flat  plate  results  and 
the  odd  ones  being  the  ribleted  results.  Thus,  Figure  C.6  shows  the  profiles  fore  and  aft  of  the  flat 
test  section  at  a  freestream  velocity  of  8.41  m/s,  while  Figure  C.7  shows  the  profiles  fore  and  aft  of 
the  ribleted  test  section  at  that  freestream  velocity. 

Several  trends  are  apparent  from  the  graphs:  fairly  good  fits,  sonic  scatter  at  lower 
velocities,  and  some  periodicity  to  the  scatter.  In  general,  the  fits  seem  to  follow  the  trends 
accurately  throughout  the  entire  boundary  layer.  For  the  most  part  the  fits  are  quite  good  except 
that  at  lower  velocities  some  scatter  is  apparent.  Indeed,  only  for  freestream  values  of  15  m/s  and 
above  are  the  magnitudes  of  the  reduced  chi-squared  in  the  region  where  the  fits  would  be 
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considered  good.  However,  the  size  of  the  chi-squared  does  seem  to  be  freon  nonnally  distributed 
error  and  not  from  coherent  trends  in  the  data  unaccounted  for  in  the  fitting  equation.  Thus,  the 
only  real  discrepancy  in  the  results  is  that  at  lower  velocities  an  unaccounted  for  source  of  normally 
distributed  error  seems  to  be  present.  One  possible  cause  might  be  some  form  of  periodic 
compressor  disturbance. 

At  freestream  velocities  lower  than  8.5  m/s,  periodic  disturbances  in  the  mean  velocity 
profile  were  present.  The  most  likely  cause  is  that  at  these  lower  speeds,  the  layers  of  gauze  across 
the  inlet  were  blocking  enough  flow  to  cause  the  compressor  to  enter  some  type  of  low  frequency 
stall  mode.  Indeed,  the  velocity  data  taken  up  to  10  m/s  show  periodic  fluctuation  of  the  velocity 
with  distance  from  the  wall.  Since  the  data  were  taken  in  order  of  distance  away  from  the  wall, 
this  trend  could  be  indication  of  periodic  flow  disturbances  at  low  velocities.  Other  less  likely 
possibilities  include  the  effect  of  periodic  variation  in  ambient  temperature  or  pressure  on  the 
density  and  periodic  sticking  and  slipping  of  the  boundary  layer  probe  apparatus. 

E.  Effect  of  Riblets  on  Wall  Shear.  The  full  effects  of  riblets  on  skin  friction  and  drag 
are  treated  in  Sections  6.4.B  and  C. 


118 


APPENDIX  D  -  HEAT  TRANSFER  ANALYSIS,  ERROR  ANALYSIS, 

PROGRAMS,  AND  RESULTS 

D.l.  Heat  Transfer  Measurement  Equipment 

A.  Ambient  Conditions.  Ambient  temperature  was  measured  with  four  liquid-in-glass, 
partial  immersion,  mercury  thermometers.  Two  of  these  were  0.1°C  gradation,  0°C  to  100°C 
range;  the  other  two  were  0.2°C  gradation,  0°C  to  200°C  range.  They  were  suspended  via  1.27- 
cm-wide.  Styrofoam-insulated,  thermometer  clamps  and  shielded  from  radiation  and  convection 
heat  loss  with  cylindrical  shields,  20  cm  in  length  and  7  cm  in  diameter,  constructed  of  1 .5-mm 
Aluminum  sheeting.  Readings  were  taken  using  thermometer-attachable,  magnifying  eyepieces. 
Because  the  thermometers  were  readable  to  at  least  half  their  gradation  spacing,  this  was  taken  as 
their  accuracy.  Compared  to  the  estimates  of  liquid-in-glass  theimometer  accuracy  outlined  in 
Goldstein  and  Chiang  (1985),  this  value  is  slightly  conservative.  The  average  of  the  readings  of 
the  four  thermometers  was  taken  as  ambient  temperature.  With  the  air  in  the  lab  sufficiently 
mixed  with  fans,  the  four  thermometers  placed  around  the  room  showed  the  same  temperature  to 
within  their  readability.  The  uncertainty  of  the  ambient  temperature  is  thus  just  half  the  root  mean 
square  of  the  readabilities. 

Ambient  density  was  determined  from  the  ambient  pressure  and  temperature  via  the 
equation  of  state  as  described  in  Appendix  C.2.B.  Ambient  pressure  was  measured  as  described 
in  Appendix  C.l.A. 

B.  Tunnel  Wall  Temperature.  Test  plate  temperature  was  measured  with  140  Omega, 
type  F3105,  thin-film,  platinum,  RTD's  potted  in  9.91-mm  long,  3. 23-mm-diameter  cylinders  of 
Eccobond  285  epoxy.  Detailed  description  of  these  sensors  and  their  use  may  be  found  in 
Sections  3.2.1.  and  4. 2. A.,  and  Appendix  B.I.A.,  and  B.l.C.  A  detailed  analysis  of  the  uncertainty 
in  their  readings  may  be  found  in  Appendix  B.l.D.  and  B.3.  and  Table  B.l. 

C.  Test  Section  Heater  and  Shunt  Resistor  Voltage.  The  power  output  of  the  20 
heaters  in  the  test  segment  was  determined  by  directly  measuring  the  voltage  drop  across  each  of 
the  heaters  (Vh)  and  by  indirectly  measuring  the  current  via  the  voltage  measurement  across  shunt 
resistors  (Vsh)  with  known  resistances.  The  20  channels  of  voltage  input  on  the  Helios  I  were 
used  to  read  the  voltage  drop  across  the  heaters  directly  by  connecting  a  pair  of  3-m  leads  from  the 
front  end  in  parallel  with  each  heater.  The  20  channels  of  current  input  were  modified  to  allow  the 
measurement  of  large  currents.  The  shunt  resistors  originally  wired  into  the  current  input 
connector  were  removed.  Six-inch  lengths  of  Inconel  wire,  used  for  its  extremely  low  resistance 


119 


sensitivity  to  temperature,  were  connected  in  the  test  segment  interface  boxes  in  series  with  each 
heater  and  a  set  of  two  3-m  leads  were  then  connected  to  the  front  end  in  parallel  with  each  of  these 
new  shunt  resistors.  Four-wire  resistance  measurements  of  the  new  shunt  resistors  over  the  range 
of  test  currents  showed  no  detectable  change  in  resistance  due  to  temperature  effects. 
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A.  Determining  Stanton  Number.  Stanton  number,  nondimensionalized  convective 
heat  flux  at  the  wall,  was  calculated  from  direct  measurements  of  heater  heat  flux  and  adjusted  to 
account  for  back,  side,  and  radiation  losses  and  wall  temperature  variation  based  on  an  energy 
balance  of  the  test  sections.  Interpolation,  extrapolation,  and  splines  were  used  to  calculate  the 
temperature  in  the  pretest  plate  at  three  spanwise  positions  at  the  streamwise  midpoint  of  each 
heater  and  in  the  test  plate  at  four  spanwise  positions.  These  temperatures  were  used  to  estimate 
the  radiation  heat  loss  via  equation  3.8,  the  side  losses  via  Fourier's  law  of  heat  conduction,  and 
using  the  temperatures  at  the  back  guard  heaters,  the  back  losses  again  using  Fourier’s  Law.  These 
values  were  then  used  to  calculate  the  convective  turbulent  heat  flux  at  the  wall  with  equation  3.6. 
Definition  2.29  was  used  to  calculate  Stanton  number  from  this.  The  solution  for  the  effect  of  a 
step  rise  in  temperature  on  Stanton  number  was  used  to  correct  these  values  for  the  variation  in 
upstream  wall  temperature. 

The  choice  of  the  method  of  measurement  was  a  design  decision  because  of  its  effect  on 
test  plate  configuration.  For  this  reason,  the  background  of  and  reasoning  behind  the  choice  are 
discussed  in  the  design  Sections  3.2.A.,  E.,  and  F. 

The  heat  transfer  equivalents  of  local  skin  friction  and  total  test  section  drag  can  be 
calculated  from  the  calculated  values  of  convective  heat  fluxes  from  the  test  sections  into  the  flow. 
The  local  Stanton  number  is  the  nondimensionalized  form  of  the  local,  convective  heat  flux  at  the 
wall,  qw,  given  by  equation  6. 14.  The  error  in  Stanton  number  due  to  error  propagation  is  given 
by: 


(D.l) 

A  similar  coefficient  analogous  to  the  coefficient  of  drag  may  be  calculated  based  on  the  convective 
heat  flux  over  the  entire  test  section,  Q^,  as  given  by  equation  6. 15.  The  error  propagation  through 
this  equation  is  the  same  as  D.l  with  q^  replaced  by  (Qw/A).  The  local  and  total  convective  heat 
fluxes  may  be  found  from  an  energy  balance  of  the  test  sections. 

The  total  convective  heat  transfer  out  of  the  test  sections  was  calculated  by  considering 
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them  as  control  volumes  and  performing  an  energy  balance.  The  Aluminum  plate  test  section  and 
the  test  section  heaters  were  taken  as  the  control  volume  on  which  the  energy  balance  was 
performed.  The  heat  flux  from  these  heaters  was  treated  as  uniform  heat  generation  in  an 
infinitesimally  thin  plane  located  on  the  surface  of  the  heaters  closer  to  the  flow.  The  heat  transfer 
out  of  this  control  volume  consisted  of: 

•  loss  out  of  the  sides,  through  the  strip  of  foam  epoxy  insulation  into  the  surrounding 
plate,  via  conduction,  noted  as  Qs; 

•  loss  out  of  the  front,  into  the  flow,  via  forced  convection,  termed  qw  locally  and  Qw  in 
total; 

•  loss  out  of  the  front,  into  the  flow,  via  radiation,  q^;  and, 

•  loss  out  of  the  rear  into  the  insulation  via  conduction,  Qb- 

The  heater  heat  flux  was  calculated  from  heater  voltage  and  current.  The  conduction  losses  were 
calculated  via  Fourier's  law  of  heat  conduction  from  the  test  section  and  surrounding  plate  and 
insulation  temperatures  and  conductivities.  The  radiation  loss  was  calculated  from  Stefan- 
Boltzmann's  Law  of  Radiation.  This  balance  may  be  rephrased  in  equation  form  as  equation  6.16. 
The  error  propagation  through  this  equation  when  used  to  calculate  the  wall  heat  flux  is  given  by: 

(D.2) 

where  Qhi  are  the  heater  flux  inputs,  Qs,  are  the  losses  out  of  the  sides  of  each  subsection,  qwi  and 
qri  are  the  convective  and  radiative  losses  out  of  the  front  of  each  subsection.  A;  are  the  subsection 
areas,  and  Qbi  are  the  back  losses  out  of  the  subsections.  The  uncertainty  in  radiated  heat  flux  may 
be  found  via  equation  3. 10.  An  equation  similar  to  D.2  may  be  derived  for  q^-,,  the  wall  heat  flux 
in  each  subsection  of  the  test  sections  quite  easily. 

B.  Heater  Input.  Heater  heat  fluxes  were  calculated  from  direct  measurements  of  of 
heater  voltage  drops,  Vhi,  and  indirect  measurements  of  heater  current,  Ij,,.  The  heater  currents 
were  calculated  from  measurements  of  the  voltage  drops,  Vsh. ,  across  the  shunt  resistors,  of 
known  resistance  Rjhi,  in  series  with  the  heaters.  The  two  voltage  measurements  for  each  heater 
are  shown  in  Figure  3.7.  The  i-th  heater  heat  flux  is  given  by  equation  6.17,  the  uncertainty  in 
which  is: 


(D.3) 

C.  Conduction  Heat  Loss.  The  heat  losses  through  the  back  of  the  test  sections  were 
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calculated  via  a  one-dimensional  solution  of  Fourier's  law  of  heat  conduction  through  three 
materials  from  test  plate  temperature  and  insulation  temperature  measurements.  Fourier's  law  of 
heat  conduction  can  be  solved  for  the  case  of  one-dimensional  heat  transfer  through  three  materials 
a,  b,  and  c,  given  their  conductivities  and  the  temperature  before  material  a,  Ti ,  and  after  material  c, 
T4,  to  give: 
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where  T2  is  given  by  equation  6.20.  The  total  conduction  heat  loss  may  be  found  by  multiplying 
equation  6.17  by  the  area  of  the  loss  plane.  The  uncertainty  in  this  value  may  be  estimated  roughly 
via  error  propagation  analysis.  However,  some  unquantifiable  error  is  inn-oduced  by  the  fact  that 
the  solution  is  two  dimensional  and  the  real  case  is  not.  Due  to  this,  a  set  estimate  of  5  percent 
based  upon  the  error  propagation  limits  was  taken.  The  formulae  used  may  be  found  in  the 
HEATCALC  program  listout.  The  same  analysis  procedure  was  followed  for  the  side  conduction 
losses. 


C.  Radiation  Heat  Loss.  Radiation  heat  loss  was  estimated  from  Stefan-Boltzmann's 
Law  of  Radiation,  equation  3.8.  An  emissivity  of  0.05  was  used  based  on  the  experimental  results 
described  in  Singham  (1962).  The  difference  between  the  temperature  of  the  RTD's  near  the  test 
wall  surface  and  the  actual  surface,  in  general  less  than  0.05®C,  due  to  the  0.1 -in  depth  of  the  RTD 
sensing  element  beneath  the  surface,  can  be  included  in  addition  to  the  uncertainty  in  the 
emissivity,  estimated  to  be  5  percent,  in  the  evaluation  of  the  radiation  heat  flux  uncertainty. 

D.  Adjusting  for  Wall  Temperature  Variation.  The  solution  for  the  effect  of  a  step  rise 
in  temperature  on  Stanton  number,  as  given  in,  among  others,  Kays  and  Crawford  (1980),  was 
used  to  correct  the  coefficient  of  heat  transfer  values  for  the  variation  in  upstream  wall  temperature 
via  a  discrete  approximation  of  the  standard  formula  6.21.  This  equation  is  very  easily  translated 
to  the  discrete  case  by  substituting  sum  for  integral  and  A  for  d,  from  which  the  error  propagation 
formula  follows. 

D.3.  Heat  Transfer  Analysis  Program 

Listed  below  are  the  various  program  units  which  comprise  the  heat  transfer  calculation 
program  HEATCALC.  The  various  units  include: 

•  HEATCALC.FOR,  the  main  program  to  perform  the  calculations  and  write  the  results 
to  file; 
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•  CALCFLUX.FOR,  the  subroutine  to  perfOTm  calculation  of  the  two  dimensional  heat 
flux  through  three  materials; 

•  SPLINE.FOR  and  SPLINT.FOR,  the  subroutines  from  Press  et  al.  (1986)  used  to 
perform  the  spline  interpolation  of  wall  temperature;  and, 

•  AIR.FOR,  the  subroutine  to  calculate  air  properties  as  a  function  of  ambient  temperature, 
listed  in  Appendix  C.3.B. 


HEATCALC.FOR 


propvm  hMtcalc 

real  sflilw.M'Ti.tbcoral.to.slo.rho.trho.ua.tua.ep.scp.aweight. 

■  k1,k2j(3,k4 

rati  rth(2,10).(rth(2,10).lmaai(2.10).(im(2.10) 
rati  vmaat(2.10.31).ivmaxp(2.10.31).ivimlal(2.10).<vmlot(2.10) 
rati  vih(2.10.31).tvshaxp(2.10.31).ivihttal(2.10).tv(htal(2.10) 
rati  liTi8at(2.30.31).(linol(2.M).«mnal(2.30).ttmaxp<2.30). 

‘  ldisi(2.6.5).t(d«t«l(2.6.5).itdaxp(2.6.S).ttdl(il(2.6.S). 

'  lava<2.e).(M(2.6).lcalarr(12g).tt>ack(2).(tback(2) 

rati  t3lm(X,31).tt3lrTka((30).tt3irTMal(30).«t3lmtxp(30). 

‘  t3ld(2, 1 2.3).(t3ldttat(2. 1 2.3)  .tt3ldaxp(2. 12.3). 

‘  tt3ldlol(2.t2.3).t3lava<2.12) 

rati  1 1  lm(39.31  ).il If rTilo((39).(t  1  f rTMal(39).(l  If m8xp{39) . 

'  1 1  ld(2.4.3).tn  Idittl(2.4.3).«t1  fdaxp(2.4.3). 

'  tt1ldla((2.4.3).ttvachral 

rati  q(naat(2.10).(qiTi(2.10).qrad(2.4).tqr(2.4).qlou(2.4). 

'  tql(2.4).qconv(2.4).(qc(2.4).qta((2).tqt(2).ch<2.4). 

tch(2.4).ckrtl(2.4).tchral(2.4).chrtva(2).tchrav^2). 

'  qtk)M(2).tqtl(2),qral.tqral4>artcli(2.4).avacfirat 

rati  araa.langth(12).yt(10).xa(10).|r2a.x.z(17).x1.x2.x3.x4.xS 
raal  dell.tdalt.dal1.dtl2.dal3.dal4. 

‘  dalS.di3ldave.dtava.dll.tblttplctn,dy1  .dy2.dY3, 

*  dal1tav(2).dal2tav(2).daatav(2). 

daU  tav(2).dalStav(2).tdalt(2. 1 0)  .ttdalt(2. 1 0) .  tva(daft(2). 

'  attdtlal(2).itidai«>(2).altdto((2).taxtrt 

imager  ntnri(2.10.S).m3lnX2.12.3).mi  1  in(2.4.3). nttm.ntva. 

•  nlraa.i.j.k,l.m.n 
cfitraclar*4  Inum 
cliaraciar*3$  fnamt 
criaractar*8  flag 
character*  1  Mb 

read  tatl  info  and  inkializa 

1  wlieC.*)  'enter  data  input  tile  coda  nuntwr  MOOT 

read(‘.l0)  tnum 
10  Iarma(a4) 

wrltaC,*)  'tmar  nurrbar  of  lamplaf 
nmlCjiO)  ntam 

20  torma((l2) 

i  (ntam.gi.t0)  than 
twetght-2.04 
alta 

twaight-2.23 

and) 

araa.2.*7.*(0.0254)**2 

open  output  data  llitt 

lname-'|itona.nux.data.'//lnuftV7)ful1r.dar 
cpanfl  1.llla-fnama.ttatut-’ne«^.racl>1000) 

Intlallze  insulation  thermal  conductivity 

kU22S 
k2^.12S 
k3>0  0462S 
dell. 70. ,273.15 
tdelUO  5 

call  alr(dall .tdell .cx I.x2.del2.tdal2.k4.tk4.dal3.sdal3) 
input  data  lal  paramatart 
ll•nta<11.^1)  tnum 

21  lormat(li.'Full  heat  calculation  from  run  r.a4.///) 


read  In  S'  heater  langlht 

opan(g.llla>'[ttona.tlui.data)hlength.dar.status-'okl') 
do  40 1-1.12 
laad(g.SO)  langth(l) 

40  eonllnua 
SO  loniiat(1x.a14.7) 
dotaf^ 

*  Inilaliza  radiation  paramatart 

ttntt-0.04 

tarTv0.01 

tbcontt-  S.6697a-8 

read  In  thunt  ratitlancat 

lnaiTia-'(ttana.tlux.data)ithval.dar 
open(g.llla-lname.ttatut-'old‘) 
do  70 1-1.2 
do  80 1-1.10 
raad(S.80)  rthfl.j) 

60  cominua 
70  continue 
80  lornul(lx.llO.S) 

dotafS) 

*  read  In  vokaga  data 

«wiia('.‘)  'Reading  vottage  data' 
lname-'|tiona.llux.daia.'//lnum/7]iavolrun.dar 
apen(8.llla-lname.itatut-'old') 
do  1001-1.4 
read(9.'(a8)')  flag 
100  continue 

do  110  l-1.ntam 

raadfV.  1 20 .and- 1 1 0)  (vmeasf  1 .).!) .j- 1 . 1 0) .(vth(l  .|.l) .)- 1 . 1 0) 
110  continue 

120  lofmal(110.5.19(1x.l10.5)) 
dotefW 

tnama-'[ttone.llux.dala.'//tnunvr]lbvolrun.dar 
apen(9.lile-lnania.tlatut-'old') 
do  1»  1-1.4 
road(9.'(a8)')  Hag 
130  continue 

do  140 1-1. ntam 

raad(9.l50.end-t40)  (vmeat(2.|.{).|-1.10).(vth(2.|.l).j-1.l0) 
140  continue 

150  lormat(l10.S.19(1x.tlO.S)) 
clota<9) 

read  In  T  dma 

wrkef*.*)  'Reading  teet  plate  temperature  data' 
Iname-'lttone.Hux  data  .'r/lnurrVITtaddrun.dar 
opan(9.flle-lname.ttatut-'old') 
do  1801-1.4 
raad(9.'(a8)')  Hag 
160  continue 

do  170  l-1.ntam 

readfO.tOO.and-ITO)  (tmaat(1.|.0.|-l.3O) 

170  continue 
180  lormat(t8.3.29(1x.l8.3)) 
clote<9) 

lnama-'Ittona.llux.dala.'//lnurTy7]lbrldrun.dar 
open(9,llla-tname.ttatut-'old') 
do  1901-1.4 
read(g.'(a8)')  flag 
190  comlnue 

do  200 1-1. ntam 
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rMd(S^10.and.200)  (tmwa(2.|.q.|-'-30) 

200  conttnu* 

210  Iarn«l(l8.3^1i.<8.3)) 

ck)M(8) 

tnaiiw-'[ilona.llux.dala.7/lnuiTV^3lndrun.d«r 

opdn(a.flto>tnanw.«talut>'old') 

do  220 1-1,4 

rswl(9.'(iSn  Hag 
220  continud 

do  230  l-1,n«am 

fMd(8,240.and-230)  (t3lfn(|.l).H1.30) 

230  conllnuo 

240  loriTm(l8.3.2g(1«.l8.3)) 

CkMO(9) 

fnamo-‘[t10fid.fhjx.daUi.V/lnu  rTVrj1fr1drun.dat' 
ap*n(g.fll»-tnam*,«alu(-‘old') 
do  290  (-1.4 
read(9,'(a8)')  Hag 
290  continua 

do  280  l-1.ntam 

iaad(g,270,snd-260)  (t1fiT<(j.l).^l.3g) 

260  continua 
270  (Ofmat(t8.3.29(1x.l8.3)) 
clo«a(g) 

raad  In  T  Indicaa  data 

lnafTi^'[stone.llux.daia]tplllndloaa.dat' 
opan(g.flla-lnama.Maluf-‘old') 
do  300 1-1.2 
do290j-1.6 
do  28011-1.9 

raad(g,310.and-280)  ntm(l.i.l() 

280  continua 
290  continua 
300  continua 
310  lorinBt(1x.l2) 
cloaa(9) 

1naitia-'(itooa.llux.dalar  .lid  daf 
apan(9.tlla-fnafna,ctalu6-*>  .  t 
do  340 1-1.2 
do330t-1.12 
do320k-1.3 

(aad(9.’i0,aod-320)  nt3(m(l.).k) 

320  conllnua 
330  continua 
340  oon< nua 
390  tornriat(1x.l2) 
clo6a<9) 

rnaiTia-'{atona.nux.dataJ  1  ftindicaa.dar 
opan(6.lll*>fnania.statua-'old') 
do  380 1-1.2 
do  370 1-1.4 
do360k-1,3 

raad(0.390,and-360)  nt1lm(l.i.k) 

360  continua 
370  continua 
380  continua 
390  formBl(1x,(2) 
closa<9) 

raad  In  T  tfror 

lnama-'|atona.llux.data]calarr.dar 
opan(9.llla-lnafna,«alua-‘old') 
do  400 1-1.129 
raad(9.420.and-400)  tcalaff(l) 

400  continua 
420  forTn«(97xJ7.9) 

cloea<9) 

raad  In  traaalraani  propaillaa 

tnam»i‘(4tona.ttux.data.V/fnumr7]lttrpiop.dal‘ 
opan(9.llla-lnaina,flalua-'old') 
raad(9.470.and-471)  to.tto.rko.trho.ua^ua 

470  (0tmal(tx,f8.2.lx.M.2,1x.f8.6.lx,l8.6.1x.(7.4.tx.f7.4) 

471  continua 
cloaa<9) 

calculata  Cp 

call  alr(lo,ito.cp.acp.dall.adal1  .dal2.adal2.dal3,adal3) 
calculata  T  avaragaa  and  arrora 


nav^naanwl 
do  910 1-1.2 
do  900^1.30 
tmaaa(l,|.na«a)-0. 

HniaU4(l.|)-0. 

k-l*30-| 

Mmaxp<l.j)-tcalarr(k)/tqrt(fl0Bl(n«atr4) 

I  (Laq.l)  than 
tOliTkj.nairahO. 

•t3lnxital(J)-0. 

it3>maxp</)-fcalarryvaqtt(tloat(naam)) 

andi 

do480k-1.naam 

tmaaa0.j.naua)-tniaaa<l.|.nava)»tmaaa(l.|»/tk)<a(naam) 

H  (Laq.l)  t3(ni(|.na«a)-t3liTi(|,nara) 

‘  *t3lm(|ikV11oal(raan4 

480  continua 

do490k-1,naatn 

■ln«IM(l.j)-MiTalat(LD 

•  «(lmaaa(l,Pi)-tniaaa(l.l.nava))**2 
<  (Laq.l)  ■t3>nnalatQ)-at3(n«am) 

•  ♦(a(mfl.k)-l3(m(|.na»a))“2 

490  continua 

nmMat(L|)-aqrt(Mmat8l(I.M'oal(''*'6a)) 

Mn«ol(L|)-atmaip<l,D'ra«<aloht*(m«tat(l.0 
I  (Laq.l)  than 

al3lnmtii0)-aqit(ct3lmaM0)4loat(n(raa)) 

at3lnaal(|)-st3ln»xp(|)ua«iolghl‘at3lmatal(l) 

andl 

900  continua 
910  continua 

do  929  h1.39 
11lni0.naiia)-O. 
atllnat4l(i)-0. 
k-j«go 

al1fmaip<|)-tcalarr(i)«qrt(float(naam)) 

doS19k-l.naam 

t1lm(J,navo)-t1lm().na*a)*t1lm(j.k)dloal(naam) 

919  continua 
do920k-1,naani 

aillmataid)-allfmalatfl)-(tltm(pt)-iltnk).naiio))“2 

920  continua 

atltn*lat(i)-aqil(atllmaM(]ylioal(nliaa)) 
atltntolO)-ai1lmoxp(|)*awBl9h!*ail1iTi8lal(D 
929  continua 

♦  raarranga  taal  plate  T  indexing  by  poaltlon 

do  990 1-1.2 
do  540 1-1.6 
da930k-1.S 

tdial(i.|W-tit»aa(lntm(l.|.k),l  1) 
atda»p(l.).k)-almoxp(Lnim(i,jJt)) 
atdatat(L|,k)-xtmaui(i.nlm(L|.k)) 
atd1ol(Li.k)-aimlol(l.ntnn(t.j.k)) 

5X  continua 
540  continue 
550  continue 

lback(1  )-tmaaa(  1 .28.nava) 
atback(1)-tcalarr(58) 
tback(2)-lmeaa(2.28.nave) 
aq>adi(2)-lcalarr(88) 

*  aellmate  T  in  teat  plate  cornaia 
do  5551-1.2 

tdiat(l.l.1)-ldlat(l.1.2)‘ldat(l.2.1)hdlal(l.2.2) 
tdlct(l.1.5)-tdlal(l.1, 4)101x1(1.2.5)00101(1 .2,4) 
tdlat(l,e.1)-tdlal(l.6.2)1dlal(l.5.1)Odlxl(l.5.2) 
tdlal(l.6.5)-tdiat(l.6.4)1dlat(i.5.5)0dlat(l.5.4) 

955  continue 

'  raarranga  3  T  Indexing 

dDS80i-1.2 

do570t-1.12 

do560k-1.3 

t3ld(i,p()-t3lm(nt3>m(l,|J(),nava) 

al3hkta!(Lj»-at3lniatal(n13lm(L|.k)) 

al3)dlot(i.|.k).at3liTaa((nt3lm(l.|.k)) 

580  continua 
570  continua 
960  continua 

aatimala  T  ol  broken  alda-RTOa  (aaauming  ayimiatry  about  nadHtw) 
Irom  average  percent  apamviaa  varlalion  In  7  plain 


wrlla<*,*)  'Partonnlng  tanqiaralura  analyalx' 
nliaa-naam-1 


t3td(1,3.1)-l3fd(1.3.3) 
a  I3>d^  1 .3.  t  )-al3tdaxp(  t  .3.3) 


tt3W*U((1.3.1)-lt3W««(1.3.3) 

«t3MM(1.3.1)i4l3ldlal(1.3.3) 
t3W(1 .9.1  H3X)(1  .g.2)*(1  .■0.S*((I3M(1  A2)-t3M(1 .3.3)y 
•  t3W(1.3i>+(t3W(1.12.2)-l3W(1.12.3»rt3M(1.12i))) 

•t3MMp(1.a.1)-2.‘lt3M«ip(1.g.2) 

•t3ldU«t(1  .g.1)>2.*tt3MsUlt(1 .9.2) 

•t3Mtal(  1 .9. 1  )-2.*«3MM(1 .9.2) 
t3W(1.g.3).l3l(>(1.9.1) 
tl3td«xp(1.9.3)-2.‘M3M«iip(1.9.2) 
tt3M»Ut(1 .9.3)-2.*tt3htaUlt(1 .9.2) 
tt3M1al(  1  .g.3)<-2.  *M3Wlol(1 .9.2) 
t3ld<1.12.1)*l3ld(1.12.3) 
tl3l(>wp<1.12.1)-(l3W*iip(1.12.3) 
tt3ldMal(  1 . 1 2 . 1  )-«t3WiUI(  1 . 1 2.3) 
•t3ldlM(1.12.1)-M3l()Mt(1.12.3) 

Otd(2.9.1)>t3(d(2.9.3) 

M3fdmp(2.9. 1  )-lt3ld«ip(2.g.3) 
tt3(d*tal(2.9. 1  )-it3fd(tal(2.g.3) 
(I3ldl0l(2.9.1)>lt3ldlal(2.9.3) 
t3<d(2.12.1).t3M(2.12.3) 

*t3ldaxp<2. 1 2. 1)-tt3fd«xp(2. 12.3) 

*t3tdtlal(2. 12.1  )-U3ldMat(2. 1 2.3) 
St3ldta((2.12.1)>il3ldl0l(2.12.3) 

UM  tplIrM  to  actiiralo  T  d  djunigad  midllm  RTDt 

ya<1)-01d(1.1.2) 
ya(2)>t31d(1.2.2) 
ya(3).l3M(1.3i) 
y*(4)-l31d(  1.4.2) 
y«(S)-t3<d(  1.5.2) 
ya(6)-l3fd(  1.6.2) 
ya(7).l3«d(  1.9.2) 

y«(8)-t3fd(1.10.2) 

y<K9)-l31d(1.11.2) 

ya(10)-t3ld(1.12.2) 

xa(1).0.12S 

xa(2)-0.e25 

xa(3)-1.62S 

xa(4)-3.375 

xa(5)-S.75 

ia(6)-8.S 

xa(7)>19.7S 

x«(8)-24.2S 

xa(9)-2e.75 

xa(10)>33.S 

n.lO 

call  •plin«<xa.ya.n.y2a) 

X.11.7S 

call  «pllni(xa.ya.y2a.n.x.t3ld(1.7.2)) 

X.15S 

call  spllni(xa.ya.y2a.n.x,iad(1.8.2)) 

ya(1).t3W(2,1i) 

ya(2).t3ld(2.2.2) 

ya(3)-l3fd(2.3.2) 

ya(4|.i3ld(2.4.2) 

ya(5)-t3fd(2.7.2) 

ya(6)-l3fd(2.8.2) 

ya(7).l3td(2.9i) 

ya(8).t3ld  (2.10.2) 

ya(9)>t3fd(2.1 1.2) 

ya(10)-t3ld(2.12.2) 

xa(1)-0.125 

xa(2)-0.62S 

xa(3)- 1.625 

xa(4).3.375 

xa(5)-11.75 

xa(6)-15.5 

xa(7)-19.75 

xa(8)-24.25 

xa(9)-28.75 

xa(10)-33.5 

call  tpllno(xa.ya,n,y2a) 

x-5.75 

call  tplint(xa.ya.y2a.n.x.l3ld<2.5.2)) 

x^.5 

call  •pllnt(xa.ya.y2a.n,x.t3(d(2.6.2)) 
attimale  tida  T  In  haatar  aadlona  w/out  alda  RTDs 
00  5801.1.2 

dl3ldava.  1  .-0.5‘(P3(d(l.3.2)-l3ld(l.3.3))/13ld(l.3.2) 
.p3ld(l.9.2).l3ld(l.0.3))/t3M(l.g.2)) 
t3ld(l.  1 . 1  )Mll3ldava‘13ld(l.  1 .2) 

I3ld(l.  1 .3).dl3Mava‘t3ld(l.  1.2) 

I31d(l.2. 1  ).dt3ldava‘13ld(l.2.2) 

1310(1.2.3)  .dtadavatOldl  1.2.2) 
I3ld(l.4.t).dl3ldava‘l3(d(  1.4.2) 
t3ld(l.4.3).di3ldava‘l3fd(l.4.2) 

1310(1.5. 1  ).OI3ldava‘13ld(l.5.2) 


1310(1.  S.3).dl3ldaya‘13IO(l.5.2) 
l3M(t.6.1).dl3Mava‘l3ld(l.6.2) 
t3ld(l.6.3).dl3Maya‘l3ld(l.8.2) 
t3W(l.7.1).dl3IOawa‘t3ld(l.7.2) 
t3ld(l.7.3).dl3Mava‘t3M(l.7.2) 
t3M(l.8.1).dt3ldava‘taO(l.8.2) 
t3ld(l.8.3).dt3ldava13ld(l.8.2) 
dl3ldaw*>1.-0.5*(P3ld(l.0.2)-t3ld(l.0.3))43ld(l.9.2) 

•  ♦(t3ld(l.l2i)-t3ld(l.12.3))fl3td(l.12.2)) 
t3W(l.10.1).dt3lda«e*t3ld(l.10.2) 
t3*d(l.10.3)-dt3fdava*t3(d(l.10.2) 

1310(1.1 1 . 1  )-dt3ldave*t3td(l.  1 1 .2) 

13(0(1.1 1.3).dt3IOavo‘t3M(l.1 1.2) 

590  conOnua 

cakxilata  3'  aadlon  avaraga  Ta 

00  5901.1.2 
do  596  ^1.12 

t3lava(l.j).(t3ld(l.|.  1  )«t3ld(l.|.2).t3(d(l.|.3))/3. 

596  contlnua 
598  contlnua 

*  laarranga  V  T  Maxing 

do  620 1-1.2 
do  610 1-1.4 
doeOOk-1.3 

t1ld(I.Ui)-t1lm(nt1tni(I.J.k).nava) 
atlldexp(l.|J()-tt1lmaqXnlltm(l.|») 
St1tditat(l.jj().al1lmalal(nt1lm(i.|j()) 
at  1fdlol(i.j.k)Ut  1linoi(nt  1  lni(l.j>)) 

600  contlnua 
610  contlnua 

620  contlnua 

t1ld(1.4.1).l1ld(1.4.3) 
at1tdtot(1 .4. 1)-at1tdto((l  .4.3) 

*  calculala  taal  aadlon  avaraga  Tt 

00  6401-1.2 
do  630 1-1.6 

taMa(l.|)-pdlat(l.|.2).t0lat(l.|.3)»tdlat(l.j.4))/3. 

ata(l.|)-tqil((atdtot(l.j.2)/3.)'*2 

•  ♦(aldtot(l.|.3)/3.)**2*(atdlol(l.).4)«.)“2) 

630  contlnua 

640  contlnua 

*  heal  tlux  aatimallon 

«nlla(‘.*)  'PaOoirnlng  haal  Ikix  analyalx' 
do  660 1-1.2 
00  670^1.10 

*  calculata  measurad  heat  tlux 

vmaas(l.j.nava).0. 

avinaxp(l.|.nava|.0. 

•vnslal(l.|)-0. 

vah(l.|.nava).0. 

ivahexp(l.j.nava).0. 

avthfial(I.D-0. 

do650k-1.naam 

viT«aa(l.|.nava)-vmaaa(l.|.nava).VTneaa(l.|.k)/l1oat(naam) 

avmaxp(l.|.k)-9.e-5‘vmai>(l.jJi).»3.a-3 

fvmexp(l.|.nava)^viTiexp(l.|.nave) 

•  4(svniMp(l.j.kynoai(naaiiTi))'*2 
vsh(l.|.nava).vth(l.|.navo)4vahP4.k)/tk)al(naam) 
ivahexp(i.|J()-5.a-5'Vth(i.j.k)  43.0-5 
tvahaxpi(l.|.nava)-avtha)o>(l.|.nava) 

•  4(tvthaxp(l.|.k)/lk)at(ntam))*'2 

650  contlnua 

xvTnaxp(l.|.nave)-aq(t(avTT«ia)<l,|.nava)) 

avahexp(l.|.nave).sqit(ivtha)^l.|.nava)) 

0o060k-1.ntam 

aviTMat(I.J).avnnalal(l.j) 

•  4(vniaM(l.).k)-vtTieaa(l.).nave))"2 
•vahatai(l.j4vahatat(l.|)4 

•  (vah(l.|»-vah(l.|.nava))**2 

680  contlnuo 

tvinatal(l.0^<)i1(fvmxlal(l.|)/lloal(nlraa)) 
tvahMal(l.0-aqft(avahatal(l4Vnoal(nlraa)) 
avn«M(l.i).tvmaxp(l.j.1  l)4naalght'tvinatal(l.|) 
avthto((l.|).avahexp(l.|.ll)4awalohi‘avahtlai(l.|) 

aiah(I.D.O.OOt'iah(l.i) 

Imaaa<l4)-vth(g.  1 1  )/rth(l.i) 
ilm(l.0-aqn((svthto((l.j)/rah(l.{)"24 

•  (aiah(l.|)*vah(IJ.11)ftah(l.0"2)"2) 
qinaaa(l.0.vtna  ai  (1.1.1 1)*lflie«a(l.0 
aqni(l.0-xqn((fvtT«d(l.0  ‘linaea(li)  "24 

(alm(l.n‘vmaa8(l.).1l))"2) 
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I  ((|.g«.2).a>id.(|.to.S))  ttien 
k-H 

calculat*  radiation  lota  haal  Ilux 

dalI<K(laMa<l.|)«273.tS)“4-(toV‘4) 

qrad(l,k)-arTilat*aboonat*araa‘da« 

tqr(IJ()-aqn((tam*tboonat*araa‘dalt)**2 

*(tta(I.D‘4.‘a(Tilta‘tboonai'araa‘tav^l,j)*’3)‘'2 

*(alo‘4.‘amlaB'tt)oonat*araa‘io*‘3)"^ 

'  calculala  aida  loat  haal  Ihjx  lor  each  teat  heatar  taction 

otXolthationi 

>  (iaq.2)  than 
dy1-(1.-1/J2.)*00254 
dy2r^.02S4/16. 
dy3-<1.-1732.)’0.0254 

call  calcnux(dy1,dy2.dy3.k1.k2.kt. 

‘  tava(i.D.tava(l.k|.del1) 

•Im 

dal1>22S.‘(tava<I.D-tave(l.k))/(2.’0.02S4) 

and! 

outollhtraar 

>  (|.aq.S)  than 
dy1^1.2S-1^.)*0.0254 
dy2.0.0254/16. 
dy3-(1.-iy32.)‘0.02S4 

call  calcllux(dy1.dy2.dy3,k1.k2.k1. 
taira(l.|),tav^l.l).d^ 
atu 

dat2-22S.'aava(I.D-tava(l.l))/(2.  *0.0254) 
and* 

out  ol  lha  lalt  tida 

d»  1.(1. 25-1^.)  *0.0254 
dy2.0.02S4/16. 
dy3-(1.-1/l2.)*0.0254 
call  calcllux(dy1.dy2.dy3.k1.k2.k1. 

*  Idltt(l.|.2).ldltt0.|.1).dol3) 

out  ol  tha  right  tIda 

call  ealcllux(dy1.dy2.dy3.k1.k2.k1. 

*  tdltl(l.|.4).tdiat(i.|.5).daM) 

out  ol  tha  back 

dyl -(0.50. 1351*0.0254 

dy2.(3J16.)*0.0254 

dy3.0.02S4 

call  calcllui(dy1.dy2.dy3,k1.k4.k3. 

*  Idi«(l.|.3),lback(i).dal5) 

*  total  Iota 

qloaa(l.k).(0.5*7.*(delt«dal2)«0.5*2.*(dal3»deM) 

*  ♦7.*2.*dal5)*0.0254**2 
tqKl.k).0.1*qloaB(U() 

calculato  oonvactlon  heat  Ilux  and  Ch  (Stanton  f) 

qconv(IJ().qnnaaa(l,J)-qrad(l.k)-qloaa|l.k) 
tqc(l.k).tqn(aqiTi(l.j)**2r'aqr(l»**2r.aql(l.k)**2) 
loxlra-0.1*qoonv(IJi)/(225.*2.*0.0254*7.) 
i«rlta(*.*)  'daiTtKtrt  -  '.taxtra 
tdoll(l.|).tava(l,  {-10.273. 1 5.laxtra 
tadali(L|).tqrt(tla(l.))**2.alo**2).0.1*toxtra 
eh(l.k).(qconv(l.kVtiaa)/(rho*ua*cp*ldall(I.D) 
tch(l,k).aqn((tqc<l»*ch(l,k)/qconv(l.k))**2 

*  .(trho*ch(i.k)/rho)**2.(tadolt(i.|)*ch(l.k)qdall(i,j))**2 

*  ♦(tuo*ch(l.k)/ua)**2.(tep*eh(i.k)/cp)**2) 

andll 

670  continue 
680  continua 

adjuat  Ch  lor  varlallon  In  T  m  atarilng  langih 

z(1).0.2S 

z(2).l. 

Z(3).2.2S 

z(4).4.5 

z(5|.7. 

Z(6).I0. 

z(7).13.5 

Z(8)-17.S 


z(8).22. 

zOOt-X.S 

z(11).31. 

Z(l2)-36. 

z(13).38. 

z(14)>40. 

z|1S)»«2. 

z(ie).44. 

Z(1 71-46. 
do710I.IJ! 
chra«a(l)-0. 
tchraw^O-O. 
do  700 1-1.4 
k-t-l 

dlava-lave(IJi)-to 
dtU(tava<l.k)-t3lava<l.  1  ))/dtave 
chrai(I.D-l.-dtl 
x1.z(13*i).l. 
do680  U2.12 

dll-(l3lava(l,l)-i3lava(l,l-l))/dlava 

var-170. 

Iblalplcln-17(1  .-(z(1-1)lx1)**0.6)**¥ar 
chral(i.j)-chrat(i,J).lbltlplctn*dti 
690  continua 

tchrat(l.|)-aqrt((0.05*(1  .-chral(l.|)))*‘2) 

ch(l.|).ch(l.{/chrat(l.|) 

tch(i.|)-aqn(ach(l.|)**2 

*  ♦(achral(i.{*ch(l.{/clir«(l,J))**2) 
parach(l.|).100.*tch(l.i)/ch(l.|) 

«irla(*.e95)  i.|.ch(l,|)paiach(l.|) 

695  lonnal(1x.Chf.l1.'.M1,')  -  •.o10.4.'  ♦/-  ■.I8.4,’1f) 
chrava(l)-chrave(l).chrat(i.|)/4. 
achiave(i).tqn(achrava(i)**2.(tchral(l,j)/4.)**2) 

700  continue 
710  continua 

*  calculata  tide  loat  heat  (lux  lor  whole  tati  taction 

do  720 1-1.2 
qlol(l)-0. 
tql(l).0. 
do  7151-1.4 
qtol(l)-qlol(l).qoonv(l.{ 
tql(l)-iqn(tqt(l)"2.tqc(l.j)*‘2) 

715  continua 

qiol(l)-qtol(IVchrava(i) 

tql(i)-tqi1((tql(i)/chra«o(l))**2 

*  ♦(tchrave(l)*qiol(i))**2) 

720  continue 

*  calculate  variation  ol  delta  T  acrott  tatt  lactiona 

do  7281-1.2 
avatdell(l)-0. 
aladttat(l)-0. 
attdeiq)(i)-0. 
do  726 1-2.5 

aveldall(l)-aveidall(i)«tdelt(i.{/4. 

attdaxp(l)-aitdexp(i).|ladalt(l.)y4.)**2 

726  continua 
attdexp<l)-iqn(al8dexp(i)) 
do  727 1-2.5 

attdtlat(l)-atadtiai(i).(tdeii(l.{-aveidelt(l))**2 

727  continua 
aitdttai(l)-tqn(attdttai(l)/4.) 
altdlat(q-altdaxp(l).attdtlat(l) 

728  continua 

*  calcuMe  haal  Ilux  ratio 

avechral.(ch(2. 1  )lch(1 .  l).ch(2.2)/ch(  1.2). 

*  ch(2.3)/ch(1.3).ch(2.4Vch(1.4))/4. 
xl.tqn((tch(2.1)/ch(1.1))**2.(tch(1.l)*ch(2.1)/ch(1.1))**2) 
x2.tqrt((tch(2.2)/ch(12))**2*(teh(1.2)*ch(2.2)/ch(1.2))**2) 
x3.tqn((tch(2.3)/ch(1.3))"2.(tch(1.3|*ch(2.3)/ch(1.3))**2) 
X4.aqt1((tch(2.4)lch(1.4))**2.(tch(1.4)*ch(2.4)lch(1.4))**2) 
tavechral-tqi1((xV4.)**2.(x2/4.)**2.(x3/4.)**2.(x4/4.)**2) 
qral-qtot(2)*avaldalt(  1  )/(qioi(  1 )  *avaldalt(2)) 
tqrat-tqd((tqt(2)/qtol(  1  ))**2.(tql(1  )*qtot(2)/qtol(l  )**2)**2 

.  .(attdtal(1)*qrat/avetdalt(1)|**2. 

*  (aitdtot(^*qial/aveidait(^)**2) 
arrtaC.725)  qral.tqral 

725  lortnat(lx.(M31p  -■.17.5.'  W-  ■.17.5) 

wrila  data  to  Ilia 

wrto<*.*)  INrillng  ratuitt  to  Ha' 

wr)la(1 1.745)  lo.tto.rho.trho.ua. tua 
745  lormaldx.'To  -  '.le.i'  W-  •.l4.27.1x.'rho  -  '.18.6. 

*  •  W-  '.m.d/lx.'Ua  -  ■.I7.4.'  ♦/-  -.17.47/) 
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do770U1^ 

<k)7eo)»i.io 

Mrfto(n,790)  l.).vmMi(}.i.n«y«),svmloi(i.f, 

760  oonttniM 

wrtMlI.vn 

770  oontinu* 

790  «  ',110.5/  '.flO.5. 

•  •  wi/b-Ml0.5/4V«- '.110.5) 

wrHe(  11. ■(//)') 

do820U1.2 

boeioHi.io 

writ*(1 1.840)  i.J.vth(t,).nave),8vthtot(i.0. 
•vshMp<(,).ncv«).8v»h«tat(l.i) 

810  contlniM 

wm»<11.'(0') 

820  continut 

840  form2;(ix>’Vav«(fh‘.l1.'/.i2.')  •  '.fio.5/  W-  M10.5. 

■  w/b- '.110.5/ *';t-*.f10.5) 

wf  Mil. '(//)') 

(k>860U1.2 
bo  850^^.10 

wme(1 1.870)  l.j.rth(l.0.8rBh(l,l} 

850  continuo 

wrM  11 /(/)') 

660  conlinuo 

870  tOfmal(1x.'H(8h'.11.'/.l2.')  -  '.flO.5.'  ♦/■  '.110.5) 

wriie{l1/(/0’) 

do690l-1.2 

do860H1.10 

wrKe<  11.900)  I.j.im6a8(i.j).8jm(i.j) 

860  continue 

wftte(  11. '(/)•) 

890  continue 

900  fOfmai{lK/l(h’.l1//.l2.')  -  '.f10.5/  ♦/-  *.110.5) 

wfMlI.W) 
do  920  1-1.2 
do  910^1.10 

wr)le(1 1,930)  i.j,qmea8<i.D.*9^^*D 
910  continue 

wftte<  11. •(/)•) 

920  continue 

930  fOfmat(1i.'Qm(h  M1.'/.»2.')  -  ',110.5/  '.110.5) 

wrrte{  11. •(//)■) 

do  1010  U1.2 
do935H1.12 

H  (i.eq.1)  write(11.960)  M(t31d(i.).k).k-1,3).t-1.2) 

935  continue 

n  (I.eq.1)  wrtte(  11. '(/)') 
do  940^1.12 

wrlle(1 1.950)  (l.j.K.t3ld(i.j.k).8t3fdtot(l.j.k). 

•  8t31dexp(l.  j.k).8t31d8iai(l.i.k)  .k- 1 .3) 

940  continue 

950  1ormal(1x.'T(3(h'.l1.'/.C,'p'.i1.')  -  '.110.5/  ♦/-  '. 

•  110.5/  w/  b  -  '.110.5.'  8  8  -  '.110.5y.lx.*T(31h‘.it.'.'. 

•  i2/p',i1  /)  -  ‘.110.5/  W*  '.110.5/  ^  b  -  '.110.5. 

•  '88-  •.110.5/1*,'T(31h'.l1.'.'.i2/p'.l1.')  -  ',110.5. 

•  '  W-  *.110.5/  Wbm  '.110.5/  8  8  -  *.110.5) 

960  1ormat(1x/T(3(h'.12.')  .  '.f6.2.3x.16.2.3x.16.2.3x. 

•  'r.3x.16.2.3x.16.2.3x.16.2) 
wrtle(11. '(/)•) 

do  965 1-1.6 

H  (i.eq.1)  wrtte(11.960)  |.((tdl8l(l.|.k).k.1.5).l-1.2) 

965  continue 

i1  (i.eq.1)  wr1te(  11. '(/)') 
do  970  j-1.6 

write(i  1 .960)  (l.).k.tdi8t(I.J.k).8tdtot(i.j,k). 

•  8tdexp(l,j.k),8td8ici(i.{.k),k-i.5) 

970  continue 

980  1ormat(1x.'T(tph'.i1.','.it,'p'.l1.')  -  '.110.5/  ♦/- '. 

•  110.5/  '.110.5/  8  8  -  *.110.5y,1x.''*'(tph*.}1.'.*. 

•  i1/P*.l1/)  -  '.110.5/  ♦/■  '.110.5.'  w/  b  -  ',110.5. 

•  '88-  ‘.110.5y.1i.'T(tph*.i1//.l1.'p*.i1.')  -  *.110.5. 

•  •  ♦/•  *.110.5/  Wbm  '.IIO.S/  8  8  -  ■.110.5y.1x. 

•  ’T(tph*.l1/.'.i1/p'.l1.)  •  '.110.5/  ♦/-  '.110.5/  Wbm\ 

•  110.5/  8  8  -  '.IIO.Sy.lx.'Tltph'.ll.'.'.M.'p'.n.')  -  '. 

•  110.5/  '.110.5/  w/  b  •  '.110.5/  8  8  -  '.110.5) 

990  1ormat(1x.‘T(tph'.i1.')  .  '.16.2.2x.16.2.2x.16.2.2x.16.2.2x. 

•  16.2.1x.'Mx.16.2.2x.16.2.2x.t6.2.2x.f6.2.2x.16.2) 
wrHe(  11, ’(/)■) 

do  995 1-1.4 

H  (i.eq.1)  wrhe(1 1.1030)  |.((f3rd(l.j.k).k-1.3).l-1,2) 

995  continue 

Il(i.eq.t}wr1te(11.'(/)') 

do  1000  HI.4 

wrMi  1 . 1020)  (l,).k.t31d(i.i.k).8t31dtot(l.j.k). 
8i3fdexp(l.),k).8t3ld8tai(i.j.K).k- 1 .3) 


1000  continue 

1010  continue 

1020  1orfTial(1x/T(1fh'.11 p'.H.')  - '.110.5/ W- '. 

•  110.6.'  Wbm  \U0.S:  8  8  -  ..t0.5/1x.*T(im'.l1.'.'. 

•  H/P'.il/)  -  '.110.5/  ♦/-  '.110.5/  ^bm  M10.5. 

•  '88-  '.110.5, /.1i/T(lth'.l1.'.'.l1.'p'.l1.*)  •  '.110.5. 

•  '  ♦/-  .110.5/  ^  b  -  '.110.5.'  8  8  -  .110.5) 

1030  forfnBl(1x,'T(11ti‘.M.')  -  '.16.2.3x.16.2.3i.16.2.3x. 

•  ‘r.3x.16.2.3x.16Z3x.16.2) 

wrMII. '(///)') 
do  1031  U1.2 

wnte(11.l032)  ltbecK()).stbad((l) 

1031  continue 

1032  lormat(1x.‘TbeckC.li.')  •  .16.2/  W-  '.16.4) 

wrlte<11.'(^/0‘) 

do  1080  U1.2 
do  1035)-1.12 

H  (leq.l)  wrke{11.1060)  f.{t31ave(k.l).k.1,2) 

1035  continue 

If(t.eq.1)wr1te(  11. '(/)') 
do  1040 1-1. 12 
Mlte(l  :.10S0)  I,|.t31ave(i.j) 

1040  continue 

1050  tonnat(1x.'Tave(31h'.il,'/,i2,')  -  *,16.2) 

1060  1ormal(1x/Tave(31h'.i2.')  -  '.16.2.3x//.3x.t6.2) 

wrtte(11.'(0') 

do  1065^1,6 

H  (Leq.l)  wrlte(1 1*2000)  I.(lave{k,))>-1,2} 

1065  continue 

H  (i.eq.1)  wrtte(1l. '(/)') 

do  1070^1.6 

wr1te(11,1000)  i.j.tave(i.]).sta(i.0 
1070  continue 

1080  continue 

1090  1ormai(1x/Tave(tpe'.i1.‘/.i2,’)  -  '.16.2.'  W-  ‘.16.4} 

2000  1ofmal(1x.‘Tave(tp8',i1.')  -  *.t6.2,3x/r.3x.t6.2) 

wrlte(i1/(/0') 

do  2005  ^1.2 
if  (l.eq.1)  then 
do  2004  j-Z5 

wr1te(1 1.2006)  ).tdelt(1.j).t8deH(1.0,). 

•  tdei(2.i).t8delt(2.|) 

2004  continue 
endif 

iMrite(^  1 .2007)  (.avetdelt({),at8dexp(i).at8d8tat(i), 

•  at8dio((i) 

2005  continue 

2006  formai(1x.‘de1iaT(1/.ll.')-  '.e10.4/  '.e10.4. 

•  '  :  deftaT(2/.i1.>  '.010.4.'  ♦/•  '.el0.4> 

2007  1ofmal(1x.delTavef.ll.')-  ‘.010.4;  (B-  '.010.4/,  S-  ' 

•  010.4.  )  W-  ',010.4) 

wrlto(11 /(//)') 

do2020U1.2 

do2010)-1.4 

wr1t0(1 1 .2030)  I  j.qrad(i.)).8qf(i.)) 

2010  continu0 

write!  11. '(/)') 

2020  continue 

2030  1ofmal(1x.'Or(lp0',i1/.'.i2.')  -  *.110.5/  ♦/-  '.110.5) 

wrH  0(11, '(//)') 
do2050Ul.2 
do  2040^1.4 

wrtte( 11,2060)  i.).qlo88(i.)).8qt(i,j) 

2040  continue 

Wf1t0(11.'(/)') 

2050  continue 

2060  1ofmat(1x.'OIO08(tp8'.l1.'.'.l2/)  -  '.110,5.'  ♦/-  .110.5) 

wrH0(11.‘(/O‘) 
do2060Ul.2 
do  2070^1.4 

wrti0(1 1,2090)  i.).qconv(i.j}.8qc(i.)) 

2070  continue 

write!  11 /(/)■) 

2060  continue 

2090  1ormat(1x.'Oconv(tp8'.l1/.'.i2.')  -  '.110.5.'  ♦/•  .110.5) 

writ  0(1 1.'(//)') 
do2110U1.2 

do2100)-1.8 

wrle(1 1.2120)  i.j.ch(i,j).8ch(i.i) 

2100  continue 

write!  11. '(/)') 

2110  continue 

2120  1ormal(1x.'Ch(tp8’,il.'.'.12.')  -  '.110.5/  W-  '.110.5) 

write!  11 /(//)') 
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do  2140 
do2130).1.4 

wrlto(11^1S0)  l,|,chrn(l.|).wdirat(i.D 
2130  coniinuo 

wrHo<11.V)') 

2140  coniinuo 

2150  lofni«t(i«;(Ch«:h(dl.0)Klp«M1.',M2,')  -  '.17.5.'  ♦/■ '. 

•  17.5) 

wfllo<  11. •(//)■) 
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D.4.  Heat  Transfer  Analysis  Results 

A.  Tunnel  Wall  Temperature.  The  tunnel  wall  temperatures  were  manipulated 
successfully  to  within  ±1  to  1.5°C  overall  and  within  ±0.1  to  0.1 5°C  over  the  test  plate  sections. 
The  tunnel  wall  temperatures  arc  shown  in  Figures  D.l  through  D.6.  A  distribution  of 
temperature  is  shown  from  one  representative  run  at  each  of  the  test  freestream  velocities,  8.48, 
9.95, 10.03, 12.47, 14.88,  and  20.06  m/s.  The  temperature  distributions  during  the  other  test  runs 
were  not  different  from  the  ones  shown  in  any  significant  way.  The  temperature  distribution  in 
these  plots  is  shown  with  gray  scale  contours,  lighter  for  higher  temperatures  and  darker  for  lower 
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temperatures.  The  distribution  is  shown  for  both  of  the  entire,  heated  tunnel  walls,  the  flat  plate 
test  section  side  A  on  the  left  and  the  ribleted  test  section  side  B  on  the  right.  The  test  sections 
themselves  are  outlined  with  rectangles.  It  should  be  noted  that  the  physical  dimensions  of  the 
walls  are  not  shown  to  scale.  The  plots  show  that  the  temperature  of  the  test  sections  were  of  a 
uniform  temperature  to  within  10.1  to  0.1 5°C  and  that  the  heated  starting  lengths  were  of  a 
uniform  temperature  to  within  ±1  to  1.5°C. 

B.  Stanton  Number.  The  local  Stanton  number  measurements  were  subject  to  fairly 
large  conduction  loss  experimental  error  and  showed  fairly  wide  scatter  but  were  reasonably  close 
to  the  values  predicted  with  empirical  formulae  2.56  and  2.64.  The  local  Stanton  numbers 
calculated  from  energy  balances  of  the  heated  subsections  of  the  two  test  sections  are  shown  in 
Figures  D.7  and  D.8.  The  values  over  the  flat  plate  test  section  are  shown  versus  turbulent 
Reynolds  number  in  Figure  D.7,  Local  Stanton  Number  over  the  Flat  Plate.  For  clarity,  the 
uncertainty  bars,  which  were  in  the  4  to  5  percent  range  are  not  shown.  The  magnitude  of  this 
uncertainty  was  due  to  the  fact  that  the  test  plate  subsections  were  not  insulated  from  one  another, 
merely  from  the  surrounding  plate.  The  values  predicted  using  equations  2.56  and  2.64  are  plotted 
as  a  solid  line  and  the  upper  and  lower  limits  of  the  uncertainty  range  of  this  prediction  are  shown 
as  dotted  lines.  The  results  agree  within  the  uncertainty  ranges  except  for  Reynolds  numbers 
below  50,000.  The  values  over  the  ribleted  test  section  are  shown  in  Figure  D.8,  Local  Stanton 
Number  over  the  Ribleted  Plate.  The  values  predicted  using  equations  2.56  and  2.64  are  again 
plotted  as  a  solid  line  and  the  upper  and  lower  limits  of  the  uncertainty  range  of  this  prediction  as 
dotted  lines.  The  scatter  in  this  set  of  data  is  almost  1.5  times  larger  than  that  of  the  flat  plate  data. 
However,  this  difference  could  very  well  have  been  caused  by  the  effects  of  the  adjustment  of  the 
heat  transfer  characteristics  of  the  flow  to  the  shortness  of  the  length  of  the  ribleted  wall  upstream 
of  the  test  section.  The  broad  trend  of  increasing  Stanton  number  with  increasing  Reynolds  rather 
than  the  flat  plate  trend  of  decreasing  Stanton  number  with  increasing  Reynolds  number  is  evident. 

The  much  more  accurate  measurements  of  average  or  integral  Stanton  number,  the 
calculations  of  the  effect  of  riblets  on  which  had  uncertainties  of  1 . 1  percent  on  average  and  less 
than  1.3  percent  in  all  cases,  showed  reduction  in  heat  transfer  due  to  riblets  for  Reynolds  number 
below  650,000  and  s"^  below  20.  TTie  effect  of  riblets  on  Stanton  number  versus  turbulent 
Reynolds  number  is  presented  via  the  integral  or  average  test  section  Stanton  number  in  Figure 
6.3,  Integral  Test  Section  Stanton  Number  versus  Turbulent  Reynolds  Number  for  the  Flat  and 
Ribleted  Plates.  The  effect  of  riblets  on  the  integral  Stanton  number  versus  riblet  spacing  in  wall 
units  calculated  from  the  curve  fits  shown  in  Figure  6.1  is  shown  in  Figure  6.4,  Effect  of  Riblets 
on  Integral  Stanton  Number.  The  results  shown  in  these  plots  are  discussed  in  Section  6.4.D. 
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Figure  2.1.  The  Distribution  of  Stress  in  the  Wall  Region  of  a  Turbulent  Boundary  Layer.  The  distribution  of  the  Reynolds 
stress  [from  Schubauer  (1954)]  and  the  viscous  stress  [derived  numerically  from  formula  2.23]  in  the  wall  region  of  a  turbulent 
boundary  layer  shows  three  regions:  the  inner,  where  viscous  stress  dominates:  the  outer,  where  the  Reynolds  stress  dominates; 
and  the  overlap  layer,  where  they  are  approximately  equal. 


Figure  2.3.  Riblet  Racement  and  Terminology.  Top:  placement  of  riblets  in  a  flow; 
Middle:  terminology  of  rectangular  or  thin-element  riblets:  Bottom:  terminology  of 
triangular  riblets  or  V-groove  riblets. 
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Drag  Reduction  of  Thin  Element  Riblets 
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Figure  2.4.  Drag  Reduction  of  Thin  Element  Riblets.  The  drag  reduction  of  thin  element  riblets  versus  spacing  in 
wall  units,  sf ,  shows  the  “drag  bucket"  region  for  s+  below  30.  the  drag  rise  region  above  this,  and  the  increase  in 
slope  with  increasing  aspect  ratio,  h/s  [after  Wilkinson  et.  al.  (1987)]. 
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Figure  3.1.  Stanton  Number  Measurement  Error.  Graph  of  relative  error  in  Stanton  number  due  to  v/all 
temperature  measurement  error  as  a  function  of  driving  temperature  differential  shows  that  reduction  in  error  with 
rising  differential  levels  off  beyond  50  degrees. 
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Figure  3.2.  Actual  and  Simplified  Tunnel  Wstfl  Boundary  Conditions.  The  actual 
boundary  conditions  show  the  complexity  of  the  tunnel  wall  heat  transfer.  The  simplified 
boundary  conditions  are  a  good  approximation  of  very  small  segments  of  the  tunnel  wall. 
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Tunnel  Height  Setting  and  Predicted  Boundary  Layer  Thicknesses  @  10  m/s 
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Figure  3.3.  Tunnel  Height  Setting  and  Predicted  Boundary  Layer  Thickness  @  10  m/s.  The  above  plot  shows 
the  tunnel  wall  height  above  the  centerline  and  the  predicted  boundary  layer  thickness  and  displacement  thickness  at 
that  setting  for  a  freestream  velocity  of  10  m/s. 


Pre-test  Segment 


Figure  3.4.  Heaters  and  RTDs  in  the  Pre-test  Segment.  This  schematic  H#  =  Plate  Heater  Number; 

shows  heater  labelling  and  sizes  and  RTD  labelling  and  placement  for  the  T#  =  Plate  RTD  Number; 

metal  plate  and  insulation  layers  of  the  pre-test  segment.  BH#  Guard  Heater  Number; 

BT#  =  Insulation  RTD  Number. 
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Rhl:  Ohmite  H-6  RH770,  0-6  Ohms,  <2  Amps 
Rh2:  Ohmite  G  RH99I5,  0-75  Ohms.  <1  Amp 
Rh3:  Hardwick-Hiiidle  0-3A,  0-30  Ohms,  <1.8  Amps 
Rh4:  Ohmite  L  RH88S.  0-15  (%ms.  <3.2  Amps 
Rl:  Ohmite  RS8753.  75  Ohms.  <0.8  Amps 
R2:  RCLAL-SO  RS8900,  50  Ohms.  <1  Amp 
R3;  Ohmite  RS8202.  15  (%ms.  <2.9  Amps 
R4:  Reon  RS820I,  10  Ohms  Adjustable,  <3.2  Amps 


Figure  3.6.  Pre-test  Segment  Heater  Control  Circuitry.  The  schematics  above  show  the 
heater  control  circuitry  for  the  two  circuits  controlling  and  powering  the  pre-test  segment 
heaters. 
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Figure  3.7.  Test  Segment  Heater  Control  Qrouitry.  The  schematic  above  shows  the  circuitry  powering  and 
controlling  the  test  segment  heaters  in  addition  to  the  voltage  measurements  Vh  and  Vsh  used  in  determining  test 
section  heater  power. 
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Rh5;  Ohmite  L  RH890,  0-5  Ohms,  <10  Amps 
Rh6;  Ohmite  K  RH312,  0-10  Ohms,  <10  Amps 
Rl;  Ohmite  RS8753,  75  Ohms,  <0.8  Amps 
R2:  RCLAL-50  RS8900,  50  Ohms,  <1  Amp 


Figure  3.8,  Spacer  Segment  and  Guard  Heater  Control  Qrcuilry.  The  schematics 
above  show  the  heater  circuitry  controlling  and  powering  the  heaters  in  the  spacer 
segments  (top)  and  frie  back  insulation  guard  heaters  (bottom). 
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Positioning  of  RTD  holes  on  the  two  3*  sections  in  (x,  z)  con'dinates 
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Figure  3.?.  RTD  Racemerrt  in  the  pre-test  segment. 
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Figure  3.  lo.  RTD  placement  in  the  test  section. 
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Positioning  of  RTD  holes  on  the  four  V  sections  in  (x,  z)  coordinates 


Hole  dimensions: 


0.136”  (#29) 
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scale:  1  inch  2  inches 


scale:  1  inch  >  1/2  inch 


Figure  3.  li.  RTD  Placement  in  the  spacer  segments. 
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Figure  4.1.  Wind  Tunnel  Apparatus.  This  plan  view  of  the  wind  tunnel  apparatus  shows  the  inlet 
he  compressor,  and  the  following  segments;  orientation,  turbulence  difhision, 

:ontraction,  pre-test,  test,  and  the  two  spacer  segments.  The  scale  is  20: 1. 


and  adhesive  comprising  its  backing. 


Figure  4,3.  Photograph  of  the  Ribleted  Test  Plate.  This  photograph  shows  a  plan  view 
of  the  ribleted  test  plate.  The  scale  in  incnes  can  be  seen  on  the  ruler  in  the 
The  thick,  white  strips  are  the  syntactic  foam  used  to  insulate  he  actual  test  sectio  , 
rectanaular  center  section.  All  riblets  ware  of  uniformly  good  quality  except  or  a  rc/v 
three  to  the  nqnt  of  tne  test  section,  which  show  up  as  a  wavy  white  line  near  t  .e  ruier. 


1.58 
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uniformity.  One  ruler  gradation  is  10  mils. 
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Figure  4.5.  Photograph  of  the  Riblet  Ooss  Section.  A  cross  section  view  of  the  leading  edge  of  the  ribleted  test 
plate  is  seen  atx>ve.  One  nJer  gradation  is  10  mils. 


F  gure  4  5  Thin  Film  RTD.  This  photograph  shows  one  of  the  140  thin  film,  platinum 
resistance  temperature  devices  (RTDs)  used  in  the  experiment  prior  to  its  being  set  into  an 


ecoxv  plug  One  ruler  gradation  is  10  mils. 
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Figure  4.7.  RTD  in  Epoxy  Plug.  This  photograph  shows  one  of  the  RTDs  used  in  the 
experiment  after  being  set  into  an  epoxy  plug.  One  ruler  gradation  is  one  tenth  of  an  inch. 
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Figure  4.8.  Boundary  Layer  Probe.  The  above  three  views  show  the  dimensions  of  the 
total  pressure  probe  used  to  measure  boundary  layer  velocity.  The  probe  was  custom  built 
to  allow  the  possibility  of  accessing  the  boundary  layer  at  any  point  in  the  tunnel  cross 
section. 
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Calibration  Curve  for  RTD#1 


Distribution  of  RTD  Error 
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Distribution  of  RTD  Calibration  Fit  Reduced  Chi-squared 


166 


Figure  4.11.  Distribution  of  RTD  Chi-squared.  The  above  graph  shows  the  distribution  of  the  reduced 
chi-squared  of  the  calibration  fits,  a  statistical  test  of  the  goodness  of  the  fit.  All  but  five  RTDs  had  values  less  than 
one.  the  value  usually  taken  as  the  benchmark  near  which  a  fit  is  considered  statistically  good. 


Coefficient  of  Friction  versus  Turbulent  Reynolds 
Number  over  the  Flat  and  Ribleted  Test  Plates 
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Drag  Reduction  of  Thin  Element  Riblets 
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Average  Test  Section  Stanton  Number  versus  Turbulent 
Reynolds  Number  for  the  Flat  and  Ribleted  Plates 
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Reynolds  Analogy  Factor  Variation  with  Reynolds  Number 
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Figure  6.5.  Reynolcjs  Analogy  Factor  Variation  with  Reynolds  Number.  The  graph  above  shows  the  variation  of  the 
Reynolds  analogy  factor,  the  ratio  of  the  Stanton  number  to  the  coefficient  of  skin  friction,  calculated  from  the  least  squares  power 
fits  of  the  data  for  the  coefficients  over  the  flat  and  ribleted  test  sections  as  well  as  from  equation  2.64.  The  variation  of  the  flat 
plate  factor  is  within  its  error  range  of  the  constant  value  calculated  from  equation  2.64.  The  factor  over  the  ribleted  test  section 
rises  strongly  with  Reynolds  number.  Below  about  500,000,  the  factor  is  less  for  the  ribleted  plate  than  for  the  flat  plate. 


Reynolds  Analogy  Factor  Variation  with  s 
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Figure  6.6.  Reynolds  Analogy  Factor  Variation  with  s+.  The  graph  above  shows  the  variation  of  the  Reynolds  analogy  factor, 
the  ratio  of  the  Stanton  number  to  the  coefficient  of  skin  friction,  calculated  from  the  least  squares  power  fits  of  the  data  for  the 
coefficients  over  the  flat  and  ribleted  test  sections  as  well  as  from  equation  2.56  with  riblet  spacing  in  wall  units.  The  riblet  factor 
increases  from  approximately  the  flat  plate  value  at  s+  of  20  to  almost  1.4  times  the  flat  plate  value  at  s+  of  80. 


Boundary  Layer  Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted  Plates 
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Figure  10.1.  Boundary  Layer  Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted  Plat^.  The  graph 
above  shows  the  boundary  layer  thickness  calculated  via  interpolation  from  the  mean  velocity  profiles  versus 
Reynolds  number  for  the  flat  and  ribleted  plates  in  addition  to  the  empirical  predictions  of  formula  2.41.  As  can  be 
seen,  the  flat  and  ribleted  plate  results  are  quite  dose,  the  data  show  large  scatter  at  low  Reynolds  number,  and  the 
measured  and  empirically  predicted  results  differ  by  a  substantial  amount. 


Displacement  Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted  Plates 
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Figure  10.2.  Displacement  Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted  Rates.  The  graph 
above  shows  the  displacement  thickness  calculated  via  numerical  integration  of  the  mean  velocity  profiles  versus 
Reynolds  number  for  the  flat  and  ribleted  plates  in  addition  to  the  empirical  predictions  of  formula  2.43.  The  results 
echo  the  trends  of  the  boundary  layer  thickness  versus  Reynolds  number  results  almost  exactly. 


Momentum  Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted  Plates 
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Figure  10.3.  Momentum  Thickness  versus  Reynolds  Number  for  Flat  and  Ribleted  Rates.  The  graph  above 
shows  the  momentum  thickness  calculated  via  numerical  integration  of  the  mean  velocity  profiles  versus  Reynolds 
number  for  the  fiat  and  ribleted  plates  in  addition  to  the  empirical  predictions  of  formula  2.42.  The  results  echo  the 
trerrds  of  the  variation  of  the  bourrdary  layer  and  displacement  thicknesses  versus  Reynolds  number  almost  exactly. 


Test  of  Velocity  Profile  Repeatability  @  at,  10.88  m/s 
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Figure  10.4.  Test  of  Velocity  Profile  Repeatability.  The  graph  above  shows  the  results  of  three  boundary  layer 
traversals  in  the  same  position  at  the  same  freestream  velocity  but  on  different  days  plotted  as  velocity  versus 
distance  from  the  wall  both  in  wall  units.  The  results  show  low  scatter  and  excellent  repeatability. 


Validation  of  Velocity  Profile  Analysis  Program; 
Comparison  of  Wake  Law  Generated  Data  and  Curve  Fit 
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Figure  10.5.  Validation  of  Velocity  Profile  Analysis  Program.  The  above  graph  shows  is  a  plot  of  a  dummy  set 
of  velocity  profile  data  generated  from  the  wake  law  arxl  ttie  curve  fit  calculated  according  to  Coles-Hirst  method  3 
from  this  data.  The  results  clearly  validate  the  accuracy  of  the  analysis  program. 


Profile  3312.a1:  Mean  Velocity  Profile  Fore  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  8.41  m/s 


Profile  3312.a2:  Mean  Velocity  Profile  Aft  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  8.41  m/s 


Figure  10.6.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Rat  Test  Section  at  8.41  m/s. 
The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft  of  the  flat 
plate  test  section  and  their  fits  calculated  acc^ing  to  Coles-Hirst  method  3  at  a 
freestream  velocity  of  8.41  m/s. 
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Profile  3312.bl:  Mean  Velocity  Profile  Fore  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  8.41  m/s 
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Profile  3312.b2:  Mean  Velocity  Profile  Aft  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  8.41  m/s 
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Figure  10.7.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at  8.41 
m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft  of  the 
ribleted  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3  at  a 
freestream  velocity  of  8.41  m/s. 
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Profile  3051.a1:  Mean  Velocity  Profile  Fore  of  the  Flat  Plal 
Test  Section  at  Freestream  Velocity  of  10.08  m/s 


Profile  305 1  .a2;  Mean  Velocity  Profile  Aft  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  10.08  m/s 


Figure  10.8.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Rat  Test  Section  at  10.08  m/s. 
The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft  of  the  flat 
plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3  at  a 
freestream  velocity  of  10.08  m/s. 
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Profile  3051.b1:  Mean  Velocity  Profile  Fore  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  10.08  m/s 


Profile  3051.b2:  Mean  Velocity  Profile  Aft  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  10.08  m/s 


Figure  10.9.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at  10.08 
m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft  of  the 
ribleted  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3  at  a 
freestream  velocity  of  10.08  m/s. 
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Profile  2031. a  1c:  Mean  Velocity  Profile  Fore  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  10.88  m/s 


Profile  2031.a2:  Velocity  Profile  Aft  of  the  Flat  Plate 
Test  Section  at  a  Freestream  Velocity  of  10.88  m/s 


Figure  10.10.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Flat  Test  Section  at  10.88 
m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft  of  the 
flat  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3  at  a 
freestream  velodty  of  10.88  m/s. 
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Profile  2031  .b1:  Mean  Velocity  Profile  Fore  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  10.88  m/s 
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Profile  2031  .b2:  Mean  Velocity  Profile  Aft  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  10.88  m/s 
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Figure  10.1 1.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at 
10.88  m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft 
of  the  ribleted  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3 
at  a  freestream  velocity  of  10.88  m/s. 


Profile  3301.a1:  Mean  Velocity  Profile  Fore  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  15.02  m/s 


Profile  3301.a2:  Mean  Velocity  Profile  Aft  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  15.02  m/s 


Figure  10.12.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Flat  Test  Section  at  15.02 
m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft  of  the 
flat  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3  at  a 
freestream  velocity  of  15.02  m/s. 
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Profile  3301.b1:  Mean  Velocity  Profile  Fore  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  15.02  m/s 


Profile  3301.b2:  Mean  Velocity  Profile  Aft  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  15.02  m/s 


Figure  10.13.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at 
15.02  m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  arxd  aft 
of  the  ribleted  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3 
at  a  freestream  velocity  of  15.02  m/s. 
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Profile  331  l.al:  Mean  Velocity  Profile  Fore  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  41.65  m/s 
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Profile  331 1.a2:  Mean  Velocity  Profile  Aft  of  the  Flat 
Plate  Test  Section  at  Freestream  Velocity  of  41.65  m/s 


Figure  10.14.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Flat  Test  Section  at  41.65 
m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft  of  the 
flat  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3  at  a 
freestream  velocity  of  41.65  m/s. 
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Profile  3311.b1:  Mean  Velocity  Profile  Fore  of  the  RIbleted 
Plate  Test  Section  at  Freestream  Velocity  of  41.65  m/s 
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Profile  331 1  .b2:  Mean  Velocity  Profile  Aft  of  the  Ribleted 
Plate  Test  Section  at  Freestream  Velocity  of  41.65  m/s 


Figure  10.15.  Mean  Velocity  Profiles  Fore  and  Aft  of  the  Ribleted  Test  Section  at 
41.65  m/s.  The  above  two  graphs  show  the  mean  velocity  profiles  measured  fore  and  aft 
of  the  ribleted  plate  test  section  and  their  fits  calculated  according  to  Coles-Hirst  method  3 
at  a  freestream  velocity  of  41.65  m/s. 
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Figure  11.1.  Wall  Temperature  at  8.48  m/s.  The  contour  plots  above  show  the  wall 
temperature  of  the  two  tunnel  walls  during  run  3171  at  a  freestream  velocity  of  8.48  m/s. 
The  strip  on  the  left  is  the  A  side,  the  flat  plate  test  section  side,  and  the  right  is  the  B  side, 
the  ribleted  test  section  side.  The  test  sections  our  outlined  with  rectangles.  The  walls  are 
not  drawn  to  scale. 
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Figure  1  \J1.  Wall  Temperature  at  9.95  m/s.  The  contour  plots  above  show  the  wall 
temperature  of  the  two  tunnel  walls  during  ran  2161  at  a  freestream  velocity  of  9.95  m/s. 
The  strip  on  the  left  is  the  A  side,  the  flat  plate  test  section  side,  and  the  right  is  the  B  side, 
the  ribleted  test  section  side.  The  test  sections  our  outlined  with  rectangles.  The  walls  are 
not  drawn  to  scale. 
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Figure  1 1.4.  Wall  Temperature  at  12.47  ITie  contour  plots  above  show  the  wall 
temperature  of  the  two  tunnel  walls  during  run  3111  at  a  freestream  velocity  of  12.47  m/s. 
The  strip  on  the  left  is  the  A  side,  the  flat  plate  test  section  side,  and  the  right  is  the  B  side, 
the  ribleted  test  section  side.  The  test  sections  our  outlined  with  rectangles.  The  walls  are 
not  drawn  to  scale. 
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Figure  1 1.5.  Wall  Temperature  at  14.88  nv^.  The  contour  plots  above  show  the  wall 
temperature  of  the  two  tunnel  walls  during  run  3181  at  a  freestream  velocity  of  14.88  m/s. 
The  strip  on  the  left  is  the  A  side,  the  flat  plate  test  section  side,  and  the  right  is  the  B  side, 
the  ribleted  test  section  side.  The  test  sections  our  outlined  with  rectangles.  The  walls  arc 
not  drawn  to  scale. 
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Figure  1 1.6.  Wall  Temperature  at  20.06  The  contour  plots  above  show  the  wall 
temperature  of  the  two  tunnel  walls  during  nm  3185  at  a  freestream  velocity  of  20.06  m/s. 
The  strip  on  the  left  is  the  A  side,  the  flat  plate  test  section  side,  and  the  right  is  the  B  side, 
the  ribleted  test  section  side.  The  test  sections  our  outlined  with  rectangles.  The  walls  are 
not  drawn  to  scale. 
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Stanton  Number  versus  Fteynolds  Number  over  the  Rat  Rate  Test  Section 
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Figure  11.7.  Local  Stanton  Number  over  the  Flat  Plate.  The  above  graph  shows  local  Stanton  number  versus  turbulent  Reynolds 
number  measured  over  the  flat  plate  test  section.  The  heavy  line  shows  the  values  predicted  via  formula  2.64,  the  upper  and  lower 
uncertainty  ranges  of  which  are  plotted  as  dashed  lines.  The  results  compare  quite  well  considering  that  the  subsections  within  the 
lest  sections  from  which  these  Stanton  numbers  were  calculated  were  not  insulated  from  one  another. 


B 

Q. 


CD 

+ 

o 

o 

CVJ 


O  O 

c  00 

^  ^  A3 

c  6  C  ’Z 

§  ^  S 

<« 

c  a 


2  fe  _ 

S  §:-2^ 

g  3  O  ^ 


^  h  ^  3  -C3 


Is 


CO 

+ 

03 

o 

o 


0 


-  E 


m 

+ 

o 

o 

o 

00 


0 

T3 


§r 

cc: 


0 


m 

+ 

03 

o 

CD 

CD 


-Q  S 


D 

H 


m 

+ 

02 

O 

o 


M  •£: 

00 

3  VO  «  3 
3  rvi  ^  ® 

i2  « 

si-w- 

f—  c  2P  « 

•2 -if 
-•2-S  I 

I’S  §  I 

Jl  >  2 

c/i  ^  ^ 

■SitI 

S'!  *2 -2 

“o  >  «  S 

IIS.-! 

«  o  ^  S> 

g 

O  C  <S  t3 

■S  3S  £•  « 

J9  >.  u  ra 
ft-  3 

^.c  -  q 

«  15 

3fS;S| 

.  *0  ^ 
s  e 

till 

>  “*  JS  3 

S^l  § 

•2  ^  o  c  . 
5^  0.3  2 

iz-s'^.S 

8  =  .SJ-2 

•5  u  o  •£  S 

M  -2  S  43  V 

3  w  ^  «  ^3 
^  S‘-2'5. 

«  o  °  ^  s 

hui 

.  2  G  ^  — 

=  it.i° 

S  X 1  s  I 

as  i 

E  g  i  8| 


195 


Table  4.1-  Size  and  room  temperature  resistances  of  the  pre-test  segment  heaters 


Pre-test  Segment  Heaters 


Heater 

W 

Resistance 

[Ohms! 

H1A 

0.25  X  10.5 

513.05 

H1B 

0.25  X  10.5 

514.54 

H2A 

0.75  X  10.5 

154.23 

H2B 

0.75  X  10.5 

152.96 

H3A 

1.25  X  10.5 

92.34 

H3B 

1.25  X  10.5 

91.S2 

H4A 

2.25  X  10.5 

53.M 

H4B 

2.25  X  10.5 

53.32 

H5A 

2.5  X  10.5 

48.10 

H5B 

2.5  X  10.5 

48.09 

H6A 

3,0  X  10.5 

39.11 

H6B 

3.0  X  10.5 

39.39 

H7A 

3.5  X  10.5 

34.19 

H7B 

3.5  X  10.5 

34.36 

H8A 

4.0  X  10.5 

31.00 

H8B 

4.0  X  10.5 

29.92 

H9A 

4.5  X  10.5 

26.74 

H9B 

4.5  X  10.5 

26.71 

H10A 

4.5  X  10.5 

27.50 

H10B 

4.5  X  10.5 

27.46 

H11A 

4.5  X  10.5 

27.56 

HUB 

4.5  X  10.5 

27.23 

H12A 

5.0  X  10.5 

24.60 

H12B 

5.0  X  10.5 

24.83 
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Table  4.2-  Size  and  room  temperature  resistances  of  the  test  and  spacers  segment 
and  back  insulation  heaters 

Spacer  Segments  Heaters 


Heater 

[#] 

Size 
[in.  X  in.) 

Resistance 

[Ohms] 

6.0  X  10.5 

20.70 

HiES 

6.0  X  10.5 

20.47 

6.0  X  10.5 

20.43 

H14B 

6.0  X  10.5 

20.74 

H15A 

6.0  X  10.5 

20.45 

H15B 

6.0  X  10.5 

20.66 

H16A 

6.0  X  10.5 

20.63 

H16B 

6.0  X  10.5 

20,78 

Test  Segment  Heaters 


Back  Insulation  Guard  Heaters 


Heater 

I#1 


B 
B 
B 
B 

BH3A 
B 
B 
B 
B 
B 
B 

BH6B 


Size 
[in.  X  in.) 


12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 
12.0  X  10.5 


Resistance 

[Ohms] 


11.07 

10.94 
10.97 

10.95 
10.92 
10.99 
10.91 
10.88 
11.00 
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Table  4.3-  Shunt  resistance  values 


Shunt  Resistor 
[#] 

Resistance 

[Ohms] 

RshA,1 

0.18 

RshA.2 

0.187 

RshA,3 

0.164 

RshA,4 

0.188 

RshA.5 

0.194 

RshA.e 

0.197 

RshA.7 

0.18 

RshA,8 

0.187 

RshA,9 

0.184 

RshA,10 

0.18 

RshB.1 

0.192 

RshB.2 

0.182 

RshB.3 

0.174 

RshB,4 

0.166 

RshB.5 

0.183 

RshB,6 

0.184 

RshB.7 

0.19 

RshB,8 

0.186 

RshB.9 

0.166 

RshB.10 

0.182 
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Table  9.1.  RTD  Calibration  Results. 
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Table  9.1.  RTD  Calibration  Results. 


Table  9.1.  RTD  Calibration  Results. 
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SECTION  2 

INTEGRAL  BOUNDARY  LAYER  HEAT  TRANSFEl 
PREDICTION  ON  TURBINE  BLADES 

Chapter  1 

Nomenclature 

1.1  Subscripts 

{)aw  ‘  adiabatic  wall  quantity 
{)«:  edge  quantity 
()o:  stagnation  quantity 
()p:  pressure  surface  quantity 
reference  quantity 
()s:  suction  surface  quzuitity 
wall  quantity 
()oo  ‘  freestream  quantity 


1.2  Definitions 

A  =  area 


Cp  =  specific  heat  at  constant  pressure 

D  =  Diameter,  Diffusion  Factor 

Fi-2  =  View  Factor  from  object  1  to  object  2 

H  =  T 


202 


Lf  _  T.- 

“  To. 

k  =  coefficient  of  thermal  conductivity 

L  =  streamwise  arclength 

Lmb  =  Mean  Beam  Length 

Me  =  Edge  Mach  Number 

p  =  partial  pressure 

P  =  perturbation  coefficient 

Pr  =  Prandtl  Number 

q  =  local  heat  transfer 

Q  — _ _ 

-  p.U.CfTo, 

r  =  temperature  recovery  factor,  y/Pr  in  laminar  flows 
R  —  Reaction 
Re  —  Reynolds  Number 
St  =  Stanton  Number, 

T  =  temperature 
Taw  =Te  + 

TET  =  turbine  entrance  temperature 

u  =  local  streamwise  velocity 

Uoo  ~  freestream  velocity 

V  =  radial  velocity,  normal  velocity 

V  =  axial  fluid  velocity 

Vf  =  circumferential  blade  velocity 
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a  =  absorption 

jS  =  Falkner-Skan  wedge  flow  parameter 
7  =  ratio  of  specific  heats 

S°  =  deviation  angle,  the  angle  between  the  trailing  edge  angle  of  the  turbine  blade,  and  the 
fluid  departure  angle  in  the  blade  reference  frame 

«•  =  /(I  - 

K  =  f(i  - 

Sj-  =  thermal  boundary  layer  thickness 
Su  =  velocity  boundary  layer  thickness 
Aiy  =  work  across  turbine  stage 
e  =  emmittance 
f  =  efficiency 

T)  =  normalized  normal  boundary  layer  coordinate  ^ 

^  =  f  ~ 

“  ^)^y 

H  =  viscosity 
p  =  local  density 

»  =  “Mdity  or  Stefan-Boltzman  constant 


nqn-dimensional  flow  coefficient 
non-dimensional  work  coefficient 


pressure  loss  coefficient  ( 


Chapter  2 


Introduction 

A  turbine  blade  design  involves  a  series  of  tradeoffs.  Aerodynamic  efficiency,  heat  transfer, 
performance  wd  structural  concerns  affect  the  final  design.  In  the  turbine,  like  the  rest  of  the 
engine,  overall  efficiency  is  the  guiding  design  principle.  Historically,  the  aerodynamic  efficiency 
of  the  blades  heis  been  the  first  criteria  [17].  Secondly,  structural  constraints  are  imposed  to 
insure  that  the  blade  will  stand  up  to  the  hostile  gas  turbine  environment.  High  turbine 
entry  temperature  (TET),  pressure,  and  rotational  speed  combine  to  make  this  a  very  hostile 
environment  indeed.  Yet  this  environment  is  getting  more  hostile  due  to  increasing  TET.  By 
increasing  TET  specific  thrust  in  a  turbofan  can  be  increased  [14]. 

Since  cooling  is  treated  almost  as  an  afterthought  it  is  not  well  represented  in  the  initial 
design  process.  Cooling  is  accomplished  by  channelling  high  pressure  air  from  the  compressor 
through  ducts  in  the  blades  and  endwalls  of  the  turbine  (Fig.  2.1).  On  the  first  stages  of  the 
turbine,  some  of  the  cooling  air  is  vented  through  small  holes  or  slots  on  to  the  surface  of  the 
blade  providing  an  insulating  film  to  further  reduce  heat  transfer.  Since  this  cooling  air  is  not  at 
the  same  temperature  as  the  main  Sow,  less  energy  can  be  removed  from  it  in  the  turbine  stage 
than  had  it  passed  through  the  combustor  [14].  The  film  cooling  also  reduces  the  efficiency  of 
the  turbine  by  mixing  with  the  boundary  layer  flow  and  increasing  drag  on  the  blades.  These 
losses  can  be  termed  cooling  losses. 

It  is  difficult  to  predict  the  heat  transfer  in  a  turbine  stage  due  to  several  factors  including 
high  freestream  turbulence,  pressure  gradients,  uncertainty  in  the  blade  temperature,  and  three 
dimensional  effects.  Prediction  of  the  transition  point,  heat  transfer  in  the  transitional  flow, 
separation  bubbles,  separated  flow  and  unsteady  effects  all  combine  to  make  heat  transfer 
prediction  something  of  a  black  art.  In  fact,  the  limit  on  TET  is  set  by  the  precision  of  blade- 
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Figure  2.1:  Schematic  of  air-cooled  turbine,  with  cross  section  of  cooled  airfoil  section  at  top 
[14,  pg.  176] 


cooling  design  techniques  (14,  pg.  197).  All  modes  of  heat  transfer  must  be  considered  when 
the  total  heat  transfer,  and  therefore  total  heat  to  be  removed  is  calculated. 

Since  the  amount  of  cooling  air  needed  for  the  design  depends  on  the  heat  transfer  predicted, 
uncertainty  in  the  design  is  involved.  Errors  in  the  loccJ  heat  transfer  prediction  and  hence  the 
surface  temperature  prediction  can  cause  additional  thermal  stresses  and  shorten  blade  life.  If 
the  error  is  large,  blade  life  could  be  short.  In  order  to  meet  contractual  obligations  to  blade 
life  and  efficiency  several  iterations  of  the  build-test-teardown  cycle  are  often  necessary.  Since 
each  cycle  can  cost  millions  of  dollars,  it  is  useful  to  have  a  design  tool  that  can  accurately 
predict  heat  transfer  ruid  aerodynamic  losses  thereby  reducing  the  number  of  necessary  cycles. 

What  would  happen  if  heat  transfer  were  considered  Brst,  before  the  demands  of  aerody¬ 
namic  efficiency?  If  the  decrease  in  aerodyn2unic  efficiency  were  low  compared  to  the  decrease 
in  heat  transfer,  the  tradeoff  might  raise  the  total  cycle  efficiency.  The  ISES  airfoil  design  code 
written  by  Drela  and  Giles  [6]  uses  integral  boundary  layer  techniques  and  solves  the  inviscid 
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Euler  equations  for  two-dimensional  transonic  cases.  It  can  act  as  an  analysis  tool  in  which  case 
it  takes  as  input  an  airfoil  shape  and  performs  analysis  at  the  desired  conditions.  It  can  aJso 
act  as  a  design  tool  in  which  case  it  takes  an  airfoil  and  manipulates  it  toward  achieving  the 
specified  criteria,  be  that  drag,  lift,  or  other  parameter.  With  some  modification  ISES  could  be 
used  to  an  dyse  heat  transfer,  and  in  the  design  mode  manipulate  an  airfoil  toward  a  specified 
heat  transfer.  From  this,  one  could  see  how  the  tradeoff  between  aerodynamic  efficiency  and 
heat  transfer  would  work,  and  reduce  the  number  of  build  cycles  required. 

ISES  has  been  shown  to  work  well  at  designing  and  analyzing  zurfoils  (6).  However,  ISES 
boundary  layer  equations’  boundary  conditions  specify  that  the  wall  be  adiabatic.  Since  this 
is  not  the  case  on  turbine  airfoils  this  condition  must  be  modified.  By  allowing  heat  transfer, 
lift  and  drag  analysis  can  be  done  on  non-adiabatic  airfoils.  In  addition,  to  show  the  total 
heat  transferred  to  the  blade,  a  prediction  of  the  local  heat  transfer  based  on  the  boundary 
layer  must  be  made.  Green  [9]  proposed  a  method  of  boundary  layer  and  hence  total  heat 
trauisfer  prediction  based  on  forward  integration  of  three  simultaneous  equations  as  opposed 
to  the  two  used  in  ISES;  the  momentum-integral  equation,  the  entrainment  equation,  and  the 
total-energy  equation  [9,  Eqns.  17,  19,  and  A-1].  In  BLINT,  the  boundary  layer  module  of 
ISES,  the  kinetic  energy  shape  parameter  equation  is  substituted  for  the  entrainment  equation 
as  one  of  two  equations.  The  other  is  the  momentum-integral  equation.  When  combined  with 
the  total-energy  equation,  we  again  have  a  three  equation  system.  These  equations  are  the 
basis  of  the  aerodynamic  performance  and  heat  transfer  prediction  in  this  analysis  code. 

The  computational  time  involved  in  solving  the  boundary  layer  and  Euler  equations  depends 
very  strongly  on  the  number  of  variables.  An  integral  non-adiabatic  boundary  layer  code  would 
have  the  advantage  of  having  many  fewer  variables  than  a  finite  difference  code.  Hence,  as  ISES 
stands  now  an  adiabatic  integral  boundary  layer  scheme  is  included,  and  the  non-adiabatic 
modification  developed  in  this  thesis  is  also  an  integral  method. 
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Figure  2.2:  Distribution  of  heat  transfer  on  a  cooled  turbine  blade,  showing  sudden  increase  at 
boundary-layer  transition  to  turbulent  state  [14,  pg.  178] 


Previous  work  by  Nicholson  [17]  has  shown  that  pressure  surface  heat  transfer  reduction 
can  be  ewhieved  without  significant  reductions  in  aerodynamic  efficiency.  This  reduction  was 
achieved  by  teuloring  the  boundary  layer  not  only  near  the  laminar  leading  edge  region,  but 
also  in  the  turbulent  and  relaminarized  regions  downstream.  However,  since  the  highest  local 
levels  of  heat  transfer  are  found  near  the  leading  edge  of  the  blade  in  the  laminar  region  (Fig. 
2.2  [14]),  the  fraction  of  heat  transferred  in  this  region  might  be  a  high  fraction  of  the  total 
heat  transfer  depending  on  the  length  of  the  blade.  Optimization  of  the  leading  edge  laminar 
region,  which  this  analysis  code  aides  in,  could  lead  to  significant  reductions  on  the  total  blade 
heat  transfer.  This  code  is  the  first  step  in  modifying  ISES  to  handle  all  non-adiabatic  Bows. 

This  analysis  code  takes  as  input  an  edge  velocity  distribution,  the  Reynolds  number,  Re^, 
the  Prandtl  number,  Pr,  and  the  wall  to  freestream  stagnation  temperature  ratio,  H^.  Output 
is  6,  6*,  and  S^,  as  well  as  the  local  integral  parameters  and  heat  transfer.  From  these  both 
heat  transfer  and  losses  due  to  the  boundary  layer  can  be  examined. 
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This  thesis  will  describe  and  demonstrate  a  laminar  integral  heat  transfer  code  that  is  the 
first  step  in  developing  a  non-adiabatic  ISES  airfoil  design  code.  The  different  modes  of  heat 
transfer  will  be  examined  to  determine  their  relative  contributions  to  the  heat  transfer  problem. 
The  trade  off  between  designing  for  aerodynamic  efficiency  and  designing  for  low  heat  transfer 
will  be  examined.  Finally,  the  motivation  behind  developing  an  integral  boundary  layer  heat 
transfer  code,  its  development  and  testing  against  finite  difference  codes  and  experiment,  and 
some  reconimendations  for  future  work  will  be  discussed. 
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Chapter  3 


Modes  of  Heat  Transfer 

This  chapter  will  examine  the  relative  contributions  of  the  three  modes  of  heat  transfer 
in  a  turbine  environment.  Radiation,  conduction  and  convection  will  each  be  described  and 
examined  to  see  where  the  largest  potential  for  heat  transfer  improvement  lies. 

3.1  Radiation 

Radiation  heat  transfer  is  governed  by  the  familiar  Stefan-Boltzman  law: 

Qnet  =  -  T*)  (3.1) 

where  F  is  the  view  factor  that  depends  on  the  geometry  of  the  situation,  A  is  the  area,  and 
(7  is  the  Stefan-Boltzman  constant.  This  formula  is  only  valid  for  black  bodies,  that  is  bodies 
which  emit  according  to  the  formula: 

e{T)  =  aT*  (3.2) 

Since  real  objects  are  gray,  that  is  they  do  not  emit  according  to  the  above  formula  but  some 
fraction  thereof,  the  constant  e  is  added  to  the  formula: 

e{T)  =  eaT*  (3.3) 

where  e  is  the  emittance.  This  is  strictly  valid  only  if  e  is  integrated  over  the  entire  electromag¬ 
netic  spectrum,  and  in  that  case  €t  is  called  the  total  emittance.  For  a  gas  it  is  often  difficult 
to  find  an  equivalent  er  since  it  depends  on  the  pressure,  the  volume  of  the  radiating  gas,  and 
the  composition  of  the  gas. 
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To  find  the  radiative  heat  transfer  between  the  products  of  combustion  and  a  turbine  blade 


the  following  approximation  is  used: 


s_ 

A 


=  (t(Tg)aTf  -  a,(T^)aT< 


(3.4) 


[11)  where  ag(T^)  is  the  absorptivity  of  the  gas  at  the  wall  temperature  (  where  ()j  designates  a 
gas  quantity).  The  geometry  of  the  situation  is  taken  into  account  through  the  emittance  of  the 
gas.  Hottel  and  Sarafim  [15]  have  devised  a  factor  called  the  mean  beam  length,  L^fs,  which 
correlates  the  geometry  and  pressure  into  both  the  emittance  and  absorptivity  of  the  gas.  This 
method  is  not  intended  to  be  100%  accurate,  but  it  does  simplify  the  problem  sufficiently  to 
allow  rapid  evaluation.  A  complete  discussion  of  gasious  heat  transfer  can  be  found  in  Holman 
[11]. 


The  combustion  process  will  yield  products  that  are  different  from  air,  and  therefore  these 
are  the  gasses  that  should  be  considered  in  the  turbine  blade  radiation  heat  transfer  problem. 
The  combustor  yields  a  mixture  of  oxygen,  nitrogen,  water  vapor,  and  carbon  dioxide,  plus  a  few 
minor  others  depending  on  the  fuel.  The  emittance  of  oxygen  and  nitrogen  are  small  compved 
to  the  emittance  of  carbon  dioxide  and  water  vapor  so  they  are  neglected  [11].  The  emittance  of 
carbon  dioxide  and  water  vapor  depend  on  the  pressure  and  temperature  of  the  gasses,  as  well 
as  the  geometry  of  the  turbine.  Figure  3.1  shows  the  ratio  of  radiative  to  total  heat  transfer 
in  a  turbine.  The  convective  heat  transfer  is  calculated  by  assuming  a  representative  Nusselt 
number  from  Guenette  et  al.  [10]  and  several  representative  temperatures.  At  no  point  in  the 
calculations  does  the  ratio  of  radiative  heat  transfer  to  total  heat  transfer  exceed  9%.  With 
this  in  mind  tackling  the  radiation  heat  transfer  problem  is  not  warranted  since  even  a  10% 
reduction  in  radiative  heat  transfer  results  in  less  that  a  1%  total  heat  transfer  reduction.  See 
Appendix  A  for  further  explanation. 
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RADIATIVE  VS. 

TOTAL  HEAT  TRANSFER 


Figure  3.1:  Radiative  heat  transfer/total  heat  transfer  for  four  pressures  as  a  function  of  tem¬ 
perature.  Wall  temperature  was  2010°  R.  Gas  was  assumed  to  be  products  of  combustion  as 
described  in  Appendix  A 
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3.2  .  Conduction 


Turbine  blades  are  currently  made  of  metallic  alloys.  As  such  they  have  high  coefRcients 
of  thermal  conductivity,  k.  The  result  of  this  is  that  heat  flows  freely  through  the  turbine 
blade,  tending  to  equalize  the  temperature  across  the  blade.  However,  the  temperature  is  also 
driven  by  the  local  heat  transfer  which  is  decidedly  non-uniform  (Fig.  2.2).  The  various  cooling 
schemes  also  tend  to  cool  the  blade  unevenly,  driving  the  blade  to  non-uniform  temperatures. 
The  net  result  is  to  have  hot  spots  along  the  blade,  especially  at  the  leading  edge  where  heat 
transfer  is  particularly  high. 

The  interior  arrangement  of  cooling  ducts  also  influences  the  external  temperature  profile. 
Heat  is  conducted  more  easily  through  portions  of  the  blade  that  are  thick.  Thin  regions, 
such  as  the  trailing  edge,  will  be  highly  dependent  on  the  external  heat  transfer  to  determine 
the  blade  temperature  (Fig.  2.2).  Thick  regions  also  are  more  susceptible  to  thermal  stress 
problems,  so  increasing  the  thickness  to  make  the  temperature  distribution  more  uniform  is  not 
the  answer. 


3.3  Convection 


Convection  is  the  primary  heat  transfer  mode  in  the  turbine  environment.  Internally,  heat 
is  carried  away  from  the  surface  by  the  circulating  cooling  air.  Externally,  heat  is  transferred 
to  the  blade  due  to  the  higher  temperature  combustion  products.  Convection  is  a  function  of 
the  boundary  layer  temperature  gradient  as  well  as  the  heat  transfer  coefRcient; 


A  dy 


(3.5) 


From  Newton’s  law  of  cooling  ^  =  /i(Tw  —  TAw)f  so  the  heat  transfer  coefflcient  h  is; 


/i  = 


{T^  -  Taw) 


(3.6) 
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The  driving  temperature  greuiient  for  convective  heat  transfer  in  compressible  boundary 
layers  is  Taw  —  Ty,.  Non-dimensionalizing  by  the  freestream  stagnation  temperature  yields 
>9  named  H„.  is  defined  as; 


Taw 

Toe 


=  Te  + 


- 


or 

Taw  _  . 

Toe  2  +  ('r-l)M* 

For  Pr  =  1,  =  1.  For  Pr  ^  1,  ^  1,  but  if  Pr  «  1  this  ratio  is  essentially  1.  Therefore 

the  driving  temperature  gradient  is  approximately  1  —  Hy,. 

The  heat  transfer  coefficient  depends  on  several  parameters  but  primarily  on  the  thickness 
and  nature  of  the  boundary  layer.  Thin  boundary  layers  conduct  more  beat  than  thick  ones, 
turbulent  boundary  layers  conduct  more  heat  per  unit  thickness  than  do  Iruninzir  boundary 
layers  [ll|.  Convective  heat  transfer  is  most  simply  predicted  by  the  Reynolds  analogy  (Eqn. 
4.3).  A  new  method  of  heat  transfer  prediction  will  be  discussed  in  Section  5.3. 

Each  of  the  three  modes  of  heat  transfer  has  been  examined.  It  was  shown  that  although 
radiation  plays  a  part  in  heat  transfer  it  is  a  small  one.  The  role  of  convection  from  the  products 
of  combustion  plays  the  largest  role  in  turbine  heat  transfer.  Although  much  of  a  turbine  blade’s 
surface  is  probably  turbulent,  the  laminar  leading  edge  region  is  one  of  the  highest  regions  of 
heat  transfer  due  to  the  the  very  thin  boundary  layer.  The  model  developed  here  will  predict 
the  local  external  convectional  heat  transfer  for  the  laminar  leading  edge  region  (Fig.  2.2). 
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Chapter  4 


Heat  Transfer  vs.  Aerodynamic  Efficiency 


Gas  turbine  blade  design  has  traditionally  been  concerned  primarily  with  minimizing  profile 
losses  at  a  given  blade  loading.  In  order  to  examine  the  relationship  between  blade  profile 
losses  and  heat  transfer  a  method  is  needed  that  utilizes  similar  parameters  to  describe  both 
the  heat  transfer  and  the  blade  profile  losses.  Although  the  diffusion  factor  method  described  in 
Ainley  2uid  Mathieson  [l],  Smith  [21],  Stewart,  Whitney  and  Wong  [22],  NASA  SP-36  [13],  and 
Kerrebrock  [14]  is  an  approximate  method,  it  allows  the  two  factors  to  be  compared  without 
extensive  computation.  This  simplification  allows  the  problem  to  be  generalized  to  any  airfoil, 
and  allows  the  two  factors  to  be  directly  related.  Prom  this  analysis  heat  transfer  and  profile 
loss  trends  can  be  examined,  and  the  trade  off  between  the  two  can  be  shown  in  a  simple 


manner. 


Several  factors  influence  the  blade  drag:  blade  loading  =  4^,  is  a  measure  of  how  much 
work  can  be  extracted  at  a  given  turbine  speed,  ^  is  the  flow  coefficient  or  non-dimensional 
mass  flow.  These  two  factors  are  related  by  the  reaction,  R,  defined  as  the  change  in  enthalpy 
across  the  rotor  over  the  enthalpy  change  across  the  rotor  and  stator  combined  [12].  The 
diffusion  factor,  D,  defined  variously  as 


D  =  l- 


in  [22]  or 


Vp  '  2aVp  ' 


in  [14]  (where  V2  -  vi  is  the  change  in  tangential  velocity)  is  an  empirical  correlation  with  the 
momentum  thickness.  <jj  measures  the  total  pressure  loss  across  the  rotor  and  is  a  good  measure 
of  the  2-D  rotor  airfoil  efficiency  [14|.  The  deviation  angle,  5°,  is  the  difference  between  the 
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trailing  edge  angle  of  the  blade,  and  the  exit  angle  of  the  gas.  According  to  [14],  this 

is  why  as  the  solidity  decreases,  u  increases  as  the  flow  is  not  turned  completely  through  the 
rotor. 

The  Reynolds  analogy  provides  a  first  order  method  of  comparing  the  local  heat  transfer 
with  the  diffusion  factor  through  the  blade  solidity: 


St  = 


_  Cf 


2Pr 


(4.3) 


Q  is  a  function  of  both  St  and  a,  D  \s  also  a  function  of  a.  Therefore  the  diffusion  factor 
analysis  of  [14]  can  be  usea  to  compare  the  total  pressure  loss,  oi,  with  the  integrated  total  heat 
load,  Q. 


Figures  4.1  from  [20]  and  4.2  from  [16]  show  two  typical  turbines  at  their  operating  points. 
The  factor  the  non-dimensional  power  output,  is  constant  at  ail  points  on  the  figures.  Any 
turbine  operating  at  these  conditions  would  have  the  same  amount  of  power  output  per  unit 
mass  flow.  These  figures  show  lines  of  constant  non-dimensional  mass  flow  As  the  solidity 
decreases,  the  pressure  loss  coefficient  increases  until  it  is  impossible  to  achieve  the  specified 
power  output  at  any  flow  rate.  Low  solidity  means  a  high  deviation  angle,  hence  low  flow 
turning.  It  is  easily  seen  that  by  deviating  from  the  point  of  maximum  aerodynamic  efficiency 
to  the  left  yields  lower  aerodynamic  efficiency  but  .also  lower  total  heat  transfer.  An  analysis  of 
relative  cycle  costs,  e.g.  the  price  for  a  1%  aerodynamic  efficiency  increase,  could  show  where 
the  point  of  minimum  total  cycle  costs  would  lie.  From  these  graphs  the  trade  off  between 
aerodynamic  efficiency  and  heat  load  can  be  seen  clearly.  Figures  4.1  and  4.2  show  that  the 
two  turbines  are  operating  at  points  slightly  to  the  left  of  their  predicted  points  of  maximum 
aerodynamic  efficiency,  as  would  be  predicted  in  light  of  the  above  discussion. 

Although  first  order  methods,  the  Reynolds  analogy  for  predicting  heat  transfer,  and  the 
Diffusion  Factor  analysis  for  predicting  aerodynamic  efiiciency  have  been  combined  to  show 
the  trade  off  between  total  heat  transfer  and  aerodynamic  efiiciency.  A  point  of  maximum 
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aerodynamic  efficiency  is  shown  to  lie  at  some  particular  solidity  for  a  given  power  output  and 
mass  flow  rate.  By  deviating  from  this  point  lower  total  heat  transfer  may  be  attained  at 
the  cost  of  decreased  aerodynamic  efficiency.  Depending  on  the  relative  costs  of  aerodynamic 
efficiency  and  cooling  costs  the  point  of  minimum  total  losses  (cooling  plus  aerodynamic)  may 
or  may  not  lie  at  the  point  of  minimum  aerodynamic  losses.  With  the  proper  analysis  tool,  i.e. 
one  that  can  predict  both  heat  transfer  and  aerodynamic  losses,  this  point  of  minimum  total 
losses  can  be  found  more  easily. 
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Chapter  5 


Analysis  Code 

White  [24]  defines  three  types  of  computer  generated  boundary  layer  solutions:  series  expan¬ 
sion,  finite  difference,  and  approximate  techniques.  He  goes  on  the  further  divide  approximate 
techniques  into  integral  methods,  similarity  patching,  and  weighted  residual  approaches.  Series 
solutions  are  laborious,  and  are  not  suited  for  computational  use.  Finite  difference  solutions 
have  the  advantages  that  they  are  easily  implemented  on  the  computer,  and  are  highly  accurate, 
but  have  the  disadvantage  of  being  typically  slower  than  integral  methods.  Integral  methods 
have  the  advantages  of  being  simple  and  computationally  rapid.  Drela  and  Giles  [6]  have  writ¬ 
ten  a  design  and  analysis  code  (ISES)  which  uses  the  integral  methods  and  has  been  shown  to 
be  highly  accurate  zis  well  as  rapid  for  two-dimensional  adiabatic  flows. 

In  order  to  handle  turbine  flows,  which  is  the  motivation  for  modifying  ISES,  the  boundary 
layer  solution  scheme  must  be  modified  to  handle  non-adiabatic  flows.  Since  BLINT  is  already 
structured  to  interface  with  ISES,  it  makes  sense  to  use  the  format  of  BLINT  with  some 
modification  to  solve  the  non-adiabatic  boundary  layer  equations.  BLINT  has  the  advantages 
over  finite  difference  codes  of  being  more  computationally  rapid.  In  addition,  few  integral  heat 
transfer  codes  have  been  written. 


5.1  Integral  Boundary  Layer  Equations 

The  equations  used  in  UNI  are  derived  in  Appendix  B.  By  integrating  across  the  boundary 
layer  the  resulting  boundary  layer  equations  are  functions  of  only  the  streamwise  coordinate 
and  the  integral  boundary  layer  puameters  {9,  S*,  H  etc.).  For  compressible  flow  the  following 


Karman  integral  equations  and  the  enthalpy  equation  result; 


+  (2F**  -  H*{H  -  1))/ 


dx 


U,  dx 


=  9i 
2 

=  2Cd-H* 


Ci 


=  e 


dHz 

dx 


(5.1) 

(5.2) 

(5.3) 


These  three  simultaneous  differential  equations  are  integrated  by  marching  downstream.  The 
solution  is  the  three  dependent  variables  Q,  S*,  auid  S^.  A  Newton- Raphson  solver  is  used 
to  iteratively  solve  for  the  three  variable  at  each  streamwise  position.  The  residual  for  each 
equation  is  found  and  driven  toward  zero.  Each  equation  is  linearized  in  essentially  the  same 
way  as  Chapter  6.10  of  [5]  except  that  the  edge  Mach  number  and  velocities  are  treated  as 
constants,  since  in  UNI  they  are  specified. 


5.2  Dimensions  and  Non-dimensionalization 

In  the  equations  in  this  program  most  variables  are  naturally  non-dimensionalized,  that 
is  they  appear  in  forms  like  etc.  (see  Section  1.2).  However,  the  input  velocity  vs. 

streamwise  arclength  must  be  non-dimensionalized.  Choosing  the  simplest  values  passible,  z  is 
non-dimensionalized  by  L,  the  streamwise  trailing  edge  eirclength,  and  17*  is  non-dimensionalized 
by  the  freestream  speed  of  sound  oq  = 

The  dimensions  on  0,  <5*,  and  Sh  are  relatively  easy  to  interpret.  Each  has  a  significant 
meaning;  6*  is  the  displacement  thickness,  that  it  is  the  distance  that  the  inviscid  flow  is 
displaced  from  the  edge  of  the  airfoil.  The  momentum  thickness  also  hM  an  important  meaning. 
It  is  the  thickness  of  a  stream  of  fluid  with  the  edge  velocity  U*,  and  edge  density  p*  that  contains 
an  amount  of  momentum  equal  to  the  momentum  deficit  in  the  boundary  layer.  The  enthalpy 
thickness  is  similar  to  the  momentum  thickness.  It  is  the  thickness  of  a  stream  of  fluid  with 
the  edge  velocity  17«,  edge  density  p*,  and  edge  stagnation  temperature  To*  that  contains  an 
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amount  of  enthalpy  equal  to  the  enthalpy  deficit  in  the  boundary  layer.  This  is  significant  in 
that  this  ic  the  amount  of  enthalpy  absorbed  by  the  blade. 

The  other  thicknesses,  0* ,  and  5**,  the  kinetic  energy  thickness  and  the  density  thickness 
are  similarly  the  fluid  stream  thicknesses  containing  the  same  kinetic  energy  and  mass  as  the 
kinetic  energy  and  mass  deficits  in  the  boundary  layer. 


5.3  Unified  Heat  Transfer  and  Loss  Prediction  Code  (UNI) 

The  code  takes  sls  input  the  edge  flow  velocity  vs.  streamwise  distance,  the  Reynolds  number 
Rei,  and  the  wall  to  freestream  stagnation  temperature  ratio,  To  identify  the  particular 
gas  involved  and  the  dimensioned  temperature  of  the  flow  the  Prandtl  number,  Pr,  at  the  flow 
conditions,  a  temperature  correlation  constant  based  on  Pr,  and  the  ratio  of  specific  heats  {7) 
are  also  needed. 

In  order  to  close  equations  5.1  through  5.3  five  functional  relations  are  needed  in  terms  of 
the  dependent  variables  and  parameters: 


=  H*{Hk,M„Ree) 

(5.4) 

H** 

=  H-{Hk,M,) 

(5.5) 

Cf 

=  CfiHk,M„Re.<,) 

(5.6) 

Cd 

=  CD{Hk,M„Rci) 

(5.7) 

Q 

=  Q{Hk,M„Re,,H,„H2) 

(5.8) 

Mg  is  obtained  from  the  edge  flow  velocity  at  each  streamwise  coordinate  [4];  Re#  is  a  function 
of  the  solution  variable  0.  Hk,  the  kinematic  shape  parameter,  relates  the  given  flow  to  an 
equivalent  incompressible  flow  through  Mg,  H2  and  H^,-  Equations  5.4  through  5.7  are  given 
in  BLINT  [5].  Two  of  the  five,  H*  and  H** ,  have  no  temperature  dependence  independent  of 
Hk,  therefore  they  can  be  used  without  modification  from  BLINT.  Co  and  Cj  Me  dependent 
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on  the  local  values  of  the  viscosity,  which  is  dependent  on  the  local  temperature  and  cannot  be 
modelled  effectively  by  H*  eilone.  Cy  is  corrected  using  the  temperature-viscosity  relation  of 
Rayleigh  [24]. 


^^REF 


T 

=  (-^r 

V  /Tl  / 

iREF 


(5.9) 


for  air  n=0.666  [24]. 

Since  Cq  depends  on  the  integrated  values  of  the  viscosity  the  Rayleigh  equation  is  not  the 
proper  correction.  A  correction  to  Cd  based  on  Drela’s  finite  difference  code  BLAKE  [4]  is 
included  in  UNI.  The  quantity  r|^  was  integrated  over  the  boundary  layer  at  three  Hw  This 
quantity  and  hence  Cq  was  found  to  vary  approximately  as  0.2(1  —  Hjf'  over  the  range  of  Hw 
tested  (0.6  <  Hw  <  10). 

Q,  the  local  heat  transfer,  is  predicted  using  an  integral  shape  parameter  relationship.  This 
relationship  was  not  needed  for  the  adiabatic  conditions  of  BLINT  and  was  obtained  empirically 
by  observing  solutions  from  BLAKE.  The  quantities  Hk*C/*{l-Hw)  and  St*H2  were  found  for 
all  the  test  cases  and  all  the  test  profiles  describes  in  Chapter  6.  The  resulting  linear  relationship 
for  all  points  is  shown  in  Figure  5.1.  This  relationship  varies  httle  with  Re^  or  freestream 
pressure  gradient.  It  is  definitely  a  function  of  Pr.  As  Hw  approaches  1  (adiabatic  conditions) 
the  relationship  is  less  accurate  since  the  factor  {\-Hw)  approaches  0.  This  method  of  heat 
transfer  prediction  yields  better  results  than  the  Reynolds  analogy  since  that  relationship  was 
developed  for  flat  plate  flow  and  Pr  =  1.  Even  when  corrected  for  pressure  gradient  (Fig.  5.2 
[24,  pg.  286])  the  new  relationship  gives  better  agreement  with  the  finite  difference  code  results. 
Reynolds  analogy  corrected  for  pressure  gradient  is; 


St,  = 


X  J  t" 

2Pri  •'a 


(5.10) 


This  new  relationship  is  interesting  in  its  simplicity.  Deviation  from  the  linear  results  is  greatest 
at  the  points  of  high  acceleration  (Fig.  5.1,  near  the  origin).  No  Rei  dependence  at  all  was 
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INTEGRAL  HEAT 
TRANSFER  RELATIONSHIP 


Figure  5.1:  Integral  correlation  to  determine  the  local  heat  transfer  coefiicient,  derived  from 
BLAKE  results.  Y-axis  is  a  measure  of  surface  friction  and  the  driving  temperature  gradient, 
X-axis  is  a  measure  of  heat  transfer  coefficient 
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FaiknerSkan  parameter:  ^ 


Figure  5.2:  Reynolds  analogy  variation  with  the  Falkner-Skan  freestream  pressure  gradient 
coefficient  [24,  pg.  286] 

observed.  It  is  also  surprising  in  its  accuracy  since  it  predicts  the  actual  heat  transfer  as  well 
as  heat  transfer  trends  quite  well. 

Hk  relates  the  actual  flow  to  an  equivalent  incompressible  flow.  In  BLINT  the  only  source 
of  compressibility  is  through  Mach  number  effects.  However,  since  there  is  now  a  temperature 
gradient  this  effect  must  also  be  accounted  for.  In  BLINT  the  relationship  between  Hk  and  H 
is  a  simple  algebraic  one  through  Mj  [5|. 

H  -  0.290Af* 

1  +  0.113M2 

To  account  for  the  effects  of  temperature  a  more  complicated  relationship  has  been  developed. 

Since  A/*  is  known  from  the  external  flow,  and  H.u,  is  given,  H  and  H2  are  functions  of 
the  one  free  parameter,  Ht-  H  and  Hz  depend  on  the  velocity  and  temperature  boundary 
layer  profiles,  so  in  order  to  correlate  Hk  to  H  and  /fj,  it  is  necessary  to  define  the  boundary 
layer  profiles  in  terms  of  Hk-  The  boundary  layer  velocity  profile  has  the  following  boundary 
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conditions: 


u(l)  =  1 

u(0)  =  0 

u^(l)  =  0 

where  N  =  I  to  oo  (derivatives  with  respect  to  »}). 

In  the  tradition  of  Pohlhausen  (1921)  [24]  an  approximate  velocity  profile  was  chosen  aa  a 
polynomial  of  rj.  Several  velocity  profiles  using  only  integer  exponents  of  rj  were  attempted.  It 
was  found  that  with  these  formulae  it  is  impossible  to  attain  Hk  =  2.  In  fact,  by  approximating 

u{t))  with  N  terms  (u(jj)  =  Aiij  +  A^r}^  H - 1-  the  limit  as  N— ♦oo  reaches  =  2.  By 

using  a  fractional  exponent  (in  this  case  y/fj)  it  is  possible  to  reach  much  lower  Hk,  (in  this  case 
Hi  «  1.6).  Hk  =  2  is  the  lowest  Hk  that  is  physically  possible  without  a  velocity  overshoot 
[24].  A  third  order  polynomial  was  used  in  order  to  capture  the  three  boundary  conditions 

u(l)  =  1 

u(0)  =  0 
u'(l)  =  0 

and  an  integral  condition  such  that  when  u(f))  is  substituted  into  the  definition  of  Hk,  the 
specified  Hk  results.  A  higher  order  polynomial  could  have  been  used  but  this  would  have 
seriously  complicated  the  tedious  task  of  defining  the  polynomial  coefficients  in  terms  of  Hk- 
Since  the  three  boundary  conditions  are  fixed,  the  shape  of  the  boundary  layer  velocity  profile 
is  dependent  only  on  Hk- 

A  temperature  profile  is  assumed  across  the  boundary  layer  aa  well  ^{n)-  The 

boundary  conditions  on  this  are: 

1^(0)  =  (5.12) 
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(5.13) 


h 

To, 


(1) 


1 


The  baseline  temperature  profile  shape  is  that  for  a  flat  plate  at  the  given  [24].  This  shape 
is  varied  by  a  perturbation  function  P»j(l  —  t))  where  P  is  the  perturbation  coefficient. 

Since  the  stagnation  temperature  ratio  is  specified  yet  the  density  gradient  depends  on  the 
static  temperature  ratio,  the  static  temperature  ratio  is  a  derived  quantity.  This  requires  that 
the  temperature  and  velocity  gradients  in  the  boundary  layer  be  coupled.  We  know  that  for 
flows  where  Pr^l  the  thicknesses  Sr  and  are  not  identical.  For  laminar  flow  an  empirical 
relationship  has  been  developed  to  relate  Sr  and  Su: 


^  _  P^O.42 


(5.14) 


[24] 

The  solution  process  is  iterative  using  a  Newton-Raphson  solver  starting  at  an  estimated  H 
and  H2,  guessing  H/e  and  P,  substituting  the  resulting  velocity  and  temperature  distributions 
into  the  definitions  of  if*  and  H2,  then  correcting  JT*  based  on  the  resulting  H,  and  correcting 
P  based  on  the  resulting  value  of  The  resulting  Ht  is  used  to  define  the  quemtities  in 
Equations  5.4  through  5.8.  These  are  substituted  into  the  residuals  of  Eqs.  5.1  through  5.3.  If 
the  residuals  are  larger  than  the  prescribed  maxima,  a  correction  is  calculated  for  6* ,  6,  and  S2, 
and  the  process  repeats. 

The  result  is  an  integral,  non-adiabatic  boundary  layer  solution  scheme  similar  in  form  to 
Drela’s  BLINT  code.  This  scheme  can  be  implemented  to  determine  the  heat  transfer  and 
profile  losses  for  a  non-adiabatic  laminar  airfoil.  It  is  the  first  step  in  modifying  the  ISES  airfoil 
design  and  analysis  code  to  handle  turbine  airfoils. 
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Chapter  6 


Test  Cases 

6.1  Development 

During  the  development  process  the  unified  heat  transfer  and  loss  prediction  code  was 
checked  against  Drela’s  finite  difference  code  BLAKE  [4).  Several  freestream  velocity  profiles 
were  developed  as  teat  profiles;  these  were  implemented  at  different  Mg,  Pr,  and  Rei, 
where  Rei  is  in  terms  of  the  streamwise  arclength.  The  development  test  profiles  were:  fiat 
plate  (constant  velocity),  a  Falkner-Skan  wedge  flow  with  ^  =  0.5  (parabolic  velocity  profile), 
and  a  simulated  airfoil  profile  with  flow  from  a  stagnation  point  over  a  circular  cylinder  to 
the  maximum  velocity  (2f7oo)  followed  by  a  fiat  plate  region,  then  decreasing  velocity  until 
separation  (sinusoidal  velocity  increase  followed  by  constant  velocity,  then  a  velocity  decrease) 
(Figs.  6.1,  6.2,  and  6.3).  is  given  in  terms  of  the  leading  edge  speed  of  sound. 

Since  the  code  i"  intended  to  be  used  for  turbine  blade  analysis  the  test  conditions  were 
designed  to  simulate  typical  turbine  leading  edge  flows.  The  development  test  puameter  space 
was: 


0.0  < 

Me 

<  1.0 

0.7  < 

Pr 

<  1.0 

1.0  X  10®  < 

Ret 

<  1.0  X  10^ 

0.6  < 

<  1.0 

Tests  were  conducted  by  prescribing  Pr,  Hv,  and  Rej,  for  the  flow,  and  allowing  M,  to 
be  calculated  from  the  specified  velocity.  Identical  conditions  were  specified  for  both  UNI  and 
BLAKE,  so  the  solutions  were  directly  comparable.  (Table  6.1). 
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FLAT  PLATE 
VELOCITY  PROFILE 


Figure  6.1:  Flat  plate  profiles 

1.  Pr  =  0.7,  Re=  1.0x10® 

2.  Pr=  1.0,  Re=  1.0x10® 

3.  Pr  =  0.7,  Pe  =  5.0x10® 

4.  Pr  =  1.0,  Re  =  5.0x10® 

5.  Pr  =  0.7,  Pe=  1.0x10^ 

6.  Pr  =  1.0,  Pe=  l.OxlO’^ 

Table  6.1;  List  of  developmental  test  cases 
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SIMULATED  AIRFOIL 
PROFILES 


■  LOW  MACH  NUMBER 
*  HIGH  MACH  NUMBER 


Figure  6.3:  Simulated  airfoil  profiles 


CASE  3,  H 
BLAKE  VS.  UNI 


Figure  6.4:  Case  3,  H  vs.  x.  For  all  cases  3  and  4,  the  individual  points  are  UNI  results,  the 
solid  lines  indicate  the  BLAKE  solution  at  the  same  Hvi 

Implementing  UNI  and  BLAKE  yields  several  output  variables.  Since  the  loss  and  heat 
transfer  measurements  are  of  greatest  interest,  these  were  the  results  that  were  directly  com¬ 
pared.  Loss  caJculations  were  compared  through  the  shape  parameter  H,  heat  transfer  calcu¬ 
lations  through  the  enthalpy  thickness  shape  parameter  Hi.  In  addition,  local  values  of  Cf 
and  Stanton  number  were  compared.  Since  the  integral  parameters  scale  with  the  Reynolds 
number,  the  shape  factors  H  and  Hi  are  identical  for  the  range  of  Reynolds  numbers  tested. 

Figures  6.4  through  6.16  show  a  comparison  between  finite  difference  results  from  BLAKE 
and  integral  results  from  UNI.  The  plots  are  for  Re  =  5.0x10*.  In  case  3,  Pr  =  0.7,  and  case 
4,  Pr  =  1,0.  Both  are  for  the  high  Mach  number  simulated  airfoil  flow  (see  Figure  6.3).  The 
simulated  airfoil  case  was  chosen  to  represent  the  developmental  cases  because  of  its  full  sweep 
of  shape  parameter  values,  from  stagnation  point  to  separation. 
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CASE  3.  Hi 
BLAKE  VS.  UNI 


Figure  6.5:  Case  3,  vs.  x 
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CASE  3,  St 
BLAKE  VS.  UNI 


Figure  6.7:  Case  3,  Stanton  Number  vs.  z,  Downstream  of  leading  edge 
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CASE  3,  St 
BLAKE  VS.  UNI 


Figure  6.8:  Case  3,  Stanton  Number  vs.  i,  =  0.98.  At  the  point  in  the  flow  where 
-  Hy,  =  0.0,  (for  this  case  Mg  =  0.8325)  the  denominator  of  the  Stanton  number  goes  to 
zero.  Since  the  driving  temperature  gradient  goes  from  positive  to  negative,  the  heat  transfer, 
Q,  changes  sign  at  this  point. 
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CASE  3,  Cf 
BLAKE  VS.  UNI 


Figure  6 
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CASE  4,  H 
BLAKE  VS.  UNI 


■  ONi,oe 
— BLAKE, »• 


CASE  4,  H2 
BLAKE  VS.  UNI 


Figure  6.12:  Case  4,  H2  vs.  * 


CASE  4,  Cf 
BLAKE  VS.  UNI 


Figure  6.16:  Case  4,  C/  vs.  i.  Downstream 


St  WITH 

EXTRA  LEADING  EDGE  POINTS 


Figure  6.17;  Effect  of  decreased  space  between  leading  edge  points  on  the  UNI  solutions.  The 
numbers  indicate  the  streamwise  position  of  the  first  analysis  point.  The  results  show  that  the 
UNI  solutions  are  independent  of  the  leading  edge  spacing.  BLAKE  is  also  independent  of  the 
leading  edge  spacing;  a  BLAKE  solution  is  included  for  compaiison 

The  leading  edge  difference  is  <  10%  for  all  cases  and  quickly  goes  to  <  1%  as  the  solution 
moves  downstream.  At  the  leading  edge  stagnation  point  both  St  and  Cj  are  undefined  since 
they  are  normalized  by  the  edge  velocity,  which  is  zero.  The  integral  parameters  at  the  leading 
edge  are  calculated  by  assuming  similarity  between  the  first  two  points.  Furthermore,  the 
first  two  points  are  assumed  to  be  related  by  the  Falkner-Skan  wedge  flow  parameter  p.  ^  is 
calculated  from  the  velocity  distribution  at  the  leading  edge. 
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6.2  .Comparison  with  experiment 


UNI  has  been  compared  with  two  heat  transfer  experiments:  ([17]  and  [7|). 

6.2.1  Giedt  [7] 

The  Giedt  experiments  involved  airflow  over  circular  cylinders.  The  Reynolds  number  was 
Reo  =  219000.  The  temperature  ratio  was  not  given.  The  Mach  number  was  also  not  given 
but  it  is  assumed  to  be  incompressible  flow  and  hence  low  Mach  number.  The  external  flow 
was  calculated  from  potential  flow  for  a  cylinder  in  cross  flow.  The  given  Nusselt  numbers  were 
converted  to  Stanton  numbers,  normalizing  with  respect  to  the  edge  velocity.  Figure  6.2.1  shows 
a  comparison  between  UNI  predictions  for  the  heat  transfer  and  the  measured  heat  transfer 
over  the  cylinders.  The  UNI  Mach  number  used  was  Mg  =  0.1.  =  0.8  was  selected,  although 

=  0.6,  and  0.98  were  similar. 

Agreement  between  UNI  and  the  Giedt  measurements  is  good.  The  Giedt  profile  is  the 
same  as  the  first  part  of  the  simulated  airfoil  velocity  profile  used  in  the  development  test  cases. 

6.2.2  Nicholson  [17] 

The  Nicholson  experiments  involved  airflow  over  a  set  of  typical  commercial  surcraft  turbine 
blades.  The  data  sets  were  taken  at  the  Oxford  cascade  tunnel.  The  flow  conditions  were 
To  =  4301^  and  T„  =  290K,  and  Re  =  1.113x10®.  The  blades  are  shown  in  Figures  6.19 
and  6.21.  Since  UNI  requires  not  the  blade  shape  but  the  external  flow,  ISES  [6]  was  used  to 
generate  the  external  flows  for  the  Nicholson  blades.  The  heat  transfer  data  in  [17]  is  given 
in  terms  of  gui-  In  order  to  compare  the  data  directly  with  UNI  output  it  was  converted  to 
Stanton  numbers:  the  wall  to  freestream  temperature  difference  is  known,  and  the  factor  pgUg 
can  be  found  from  the  known  stagnation  values  and  the  Mach  number  distribution  given  in 
[17|,  assuming  that  the  flow  is  isentropic.  Heat  transfer  predictions  of  UNI  vs.  measured 
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Figure  6.18:  Giedt  heat  transfer  measurements  vs.  UNI  predictions,  Rep  =  219000,  HW  =  0.6, 
Mach  number  =  0.2,  i  is 
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NICHOLSON  HIGH 

STAGGER  AIRFOIL 


Figure  6.19:  The  Nicholson  High  Stagger  Blade 


quantities  of  [17]  are  shown  in  Figures  6.20  and  6.22.  Agreement  between  the  UNI  values  and 
those  measured  by  Nicholson  et  al.  is  surprisingly  good  for  the  high  stagger  blade.  The  values 
measured  are  for  4%  freestream  turbulence.  No  provision  is  made  in  UNI  to  correct  for  the 
effects  of  freestream  turbulence. 

The  Nicholson  low  stagger  blade  data  was  obtained  from  an  internal  Rolls  Royce  report  [3] 
as  well  as  Nicholson  [17].  Like  the  high  stagger  case  above  the  edge  flow  was  calculated  using 
the  ISES  code.  The  blade  shape  is  shown  in  Figure  6.21.  The  heat  transfer  data  from  [3]  was 
given  in  terms  of  Nusselt  number.  Since 


St,  = 


iVu, 


(6.1) 


i?e,  Pr 

the  Stanton  number  can  be  found  from  the  other  flow  properties.  Heat  transfer  predictions  of 
UNI  vs.  measured  quantities  of  the  low  stagger  blade  are  shown  in  Figure  6.22. 
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NICHOLSON  HIGH  STAGGER 
STANTON  NUMBER 


PRESSURE  X  SUCTION 


Figure  6.20:  Predicted  vs.  measured  Stanton  Number  for  the  Nicholson  High  Stagger  Blade 
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NICHOLSON  LOW 

STAGGER  AIRFOIL 


Figure  6.21:  The  Nicholson  Low  Stagger  Blade 
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NICHOLSON  LOW  STAGGER 
STANTON  NUMBER 


Figure  6.22:  Predicted  vs.  measured  Stanton  Number  for  the  Nicholson  Low  Stagger  Blade 


NICHOLSON  LOW  STAGGER  AIRFOIL 
UNI  VS.  UNSFLO 


Figure  6.23;  UNI  Prediction  vs.  UNSFLO  prediction  for  the  Nicholson  low  stagger  blade,  with 
the  stagnation  point  removed  to  show  the  small  scale  heat  transfer 

Agreement  between  UNI  and  the  measured  values  of  the  low  stagger  blade  are  not  as  close 
as  those  for  the  high  stagger  blade.  UNI  predicts  a  narrow,  shallow  peak  at  St  =  0.02;  the 
measured  values  are  closer  to  5t  =  0.08  with  an  exceptionally  wide  base. 

Figure  6.23  shows  the  UNI  predicted  Stanton  number  vs.  the  Stanton  number  prediction  of 
Giles’  UNSFLO  Navier-Stokes  code  [8].  UNI  agrees  more  closely  with  the  UNSFLO  prediction 
than  the  measured  data  from  the  low  stagger  airfoil,  especially  away  from  the  stagnation  point. 
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Chapter  7 


Discussion  and  Conclusions 

7.1  Discussion 

Green  [9]  states  that  integral  heat  transfer  methods  are  not  numerous.  This  is  probably  due 
to  the  difficulty  in  predicting  the  local  heat  transfer  coefficient,  and  the  difficulty  in  estimating 
the  shape  of  the  temperature  profile  across  the  boundary  layer.  In  UNI,  the  temperature  and 
velocity  profiles  are  coupled  together  by  forcing  the  velocity  profile  to  conform  to  ff*,  and 
forcing  the  total  temperature  profile  (which  is  a  function  of  both  the  temperature  and  velocity 
profiles)  to  conform  to  H2.  For  Pr  =  1  no  other  relation  is  needed,  but  for  Pr^l  some  relation 
between  Su  and  &r  is  needed.  Since  the  forcing  process  is  iterative,  these  conditions  on  u  and 
To  can  be  met  at  each  estimate  of  Hk  and  H2,  then  checked  against  the  residuals  of  the  three 
basic  equations  (Eqs.  5.1,  5.2,  and  5.3). 

The  results  of  the  development  tests  show  that  UNI  agrees  well  with  the  finite  difference 
code  BLAKE.  This  is  not  all  that  unexpected  since  two  important  factors:  the  integral  wall  heat 
transfer  scheme,  and  the  Cp  correction  for  non-uniform  viscosity  were  obtained  from  BLAKE 
results.  Since  UNI  is  to  be  part  of  a  design  code,  it  is  important  that  it  accurately  predict  trends 
in  heat  transfer  and  aerodynamic  efficiency.  In  this  way,  different  designs  can  be  compared  as 
to  their  aerodynamic  and  heat  transfer  preformance.  UNI  has  shown  that  it  accurately  predicts 
heat  transfer  and  aerodynamic  loss  performance  trends.  It  is  also  important  that  it  give  good 
absolute  local  heat  transfer  and  aerodynamic  loss  predictions.  UNI’s  developmental  cases  show 
that  it  can  predict  local  values  to  better  than  10%  accuracy  as  compared  with  finite  difference 
codes.  However,  since  UNI  is  an  integral  method,  it  is  well  suited  to  be  integrated  into  the 
ISES  airfoil  design  and  analysis  code. 
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BLAKE  VS  UNI 

NICHOLSON  HIGH  STAGGER  AIRFOIL 


Figure  7.1:  Comparison  of  BLAKE  and  UNI  Predictions  for  the  Nicholson  High  Stagger  Blade 

Agreement  with  experiment  is  not  as  good  as  with  theory.  This  seems  to  be  a  common 
prob  em  in  turbine  analysis,  but  that  does  not  excuse  further  efforts.  Agreement  with  Giedt 
and  the  Nicholson  high  stagger  case  is  good;  agreement  with  the  low  stagger  data  is  not  as 
good.  Prediction  of  St  and  C/  at  the  leeiding  edge  are  not  good,  but  if  the  subsequent  analysis 
points  are  closely  spaced  near  the  leading  edge,  greater  accuracy  is  possible.  A  comparison 
between  BLAKE  and  UNI  for  the  Nicholson  flows  shows  that  the  two  codes  agree  quite  closely 
(Figures.  7.1  and  7.2). 

For  a  typical  development  case  (Flow  6,  =  0.6)  UNI  is  ~40%  faster  than  BLAKE  yet 

gives  comparible  results  for  the  integral  parameters,  heat  trwsfer,  skin  friction,  all  of  course 
for  the  laminar  case.  For  ISES  and  UNSFLO,  accuracy  is  highly  dependent  on  the  number  of 
grid  points,  and  so  is  the  time  needed  to  converge.  For  the  viscous  portion  of  the  Nicholson  low 
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BLAKE  VS.  UNI 

NICHOLSON  LOW  STAGGER  AIRFOIL 


Figure  7.2:  Comparison  of  BLAKE  and  UNI  Predictions  for  the  Nicholson  Low  Stagger  Blade 

stagger  case  ISES  converged  to  the  same  rms  remainder  ~15  times  faster  than  did  UNSFLO 
for  the  same  number  of  grid  points.  This  is  not  to  say  that  their  accuracies  are  identical.  When 
the  non-adiabatic  boundary  layer  scheme  is  incorporated  into  ISES,  convergence  will  probably 
be  slower  since  Hk  is  no  longer  an  algebraic  relationship  with  Mj  and  H.  Hk  is  now  found 
iteratively  through  H,  Mg,  H2,  and  the  perturbation  coefficient,  P. 

The  most  obvious  shortcoming  of  this  program  is  its  inability  to  deed  with  turbulent  Sow. 
In  [5]  Drela  states  that  for  turbulent  Sow,  the  primary  scaling  factor  for  the  wall  layer  is  the 
skin  friction.  In  Chapter  3  of  [9]  Green  discussed  a  method  for  determining  the  skin  friction 
with  non-adiabatic  Sow.  It  is  suggested  that  this  method,  in  conjuction  with  the  enthalpy 
thickness  analysis  also  suggested  by  Green  and  developed  here  would  be  a  good  starting  point 
for  an  integral  non-adiabatic  turbulent  Sow  analysis.  Because  of  the  difficulty  of  correlating 
the  temperature  effects  with  the  dissipation  and  skin  friction  the  extension  of  this  method  to 
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turbulent  flow  will  probably  be  difRcult.  The  shape  of  the  turbulent  boundary  layer  would  not 
be  well  represented  by  a  third  order  polynomial.  Some  way  of  modelling  the  layers  of  turbulent 
temperature  and  velocity  boundary  layers  would  have  to  be  devised  in  order  to  accurately 
predict  Ht-  For  turbine  applications  the  turbulent  extension  of  this  code  would  definitely  be 
necessary  for  any  practical  use. 

This  code  probably  could  be  refined  to  give  greater  accurzu:y  at  all  points  in  the  flow  with 
better  correlations.  As  was  noted  for  the  dissipation  coefficient,  a  correlation  to  the  wall  tem¬ 
perature  wets  needed  to  account  for  temperature  and  hence  viscosity  gradients  in  the  boundary 
layer.  This  correlation,  the  integral  heat  transfer  prediction  correlation,  and  most  importantly 
the  Hk  estimation  scheme  could  be  improved  to  better  account  for  interaction  between  such 
factors  as  the  Prandtl  number,  the  freestream  pressure  gradient,  and  the  wall  temperature.  A 
correction  for  freestream  turbulence  could  also  be  used. 


7.2  Conclusions 

Although  traditionally  turbine  airfoil  design  has  tried  to  optimize  aerodynamic  efficiency, 
the  potential  exists  to  increase  total  cycle  efficiency  by  considering  heat  transfer  performance 
at  the  design  stage.  The  ISES  airfoil  design  and  analysis  tool  is  an  adiabatic  code  that  has 
the  potential  to  design  turbine  airfoils  if  modified  to  allow  non-adiabatic  boundary  conditions. 
With  such  a  tool  turbine  airfoils  could  be  designed  to  tradeoff  aerodynamic  efficiency  and  heat 
transfer  performance  to  reach  the  highest  level  of  total  cycle  efficiency. 

Radiation  heat  transfer  was  found  to  have  a  minor  role  in  heat  transfer  to  a  turbine  blade 
compared  to  convection  heat  transfer.  Since  the  percentage  of  heat  transferred  by  radiation  is 
(10%,  reductions  in  radiative  heat  transfer  do  not  have  as  much  potential  for  reducing  the  total 
heat  transfer  as  do  reductions  in  the  convectional  heat  transfer. 

Using  a  diffusion  factor  model  it  was  shown  that  a  point  of  minimum  aerodynamic  losses 
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exists,  ^nd  that  by  sacrificing  some  amount  of  aerodynamic  efficiency  lower  heat  transfer  can 
be  achieved.  In  a  total  cycle  analysis  the  point  of  highest  total  efficiency  might  not  be  at  the 
point  of  highest  aerodynamic  efficiency,  and  if  so  designing  for  low  heat  load  would  increase  the 
total  cycle  efficiency. 

The  non-adiabatic  integral  boundary  layer  model  was  chosen  over  finite  difference  codes  in 
view  of  the  number  of  variables  to  be  solved.  Since  the  computational  time  and  effort  required 
is  strongly  dependent  on  the  number  of  points  involved,  an  integral  method  has  an  advantage. 
And,  as  shown  in  Chapter  6,  the  accuracy  of  the  two  methods  is  comparable. 

A  new  integral  correlation  for  heat  transfer  has  been  developed  from  the  finite  difference 
code  BLAKE  [4]  solutions  to  the  developmental  test  case  flows.  It  is  surprisingly  simple  and 
highly  accurate  for  Reynolds  numbers  between  1.  x  10®  and  1.  x  10^,  Prandtl  numbers  between 
0.7  and  1.0,  and  pressure  gradients  measured  by  the  Falkner-Skan  parameter  between  ^  =  0 
and  ^  =  1.  Since  these  flow  conditions  are  typical  of  turbine  blade  leading  edge  values  this 
method  should  be  useful  for  leading  edge  heat  transfer  prediction. 
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Appendix  A 


Gasseous  Radiant  Heat  Transfer 

The  mean  beam  length  analysis  for  gasseous  radiant  heat  transfer  is  one  way  of  looking  at  a 
complex  problem.  It  is  semi-empirical  in  that  it  applies  empirical  corrections  to  the  theoretical 
gas  heat  transfer  equation  (Eq.  3.4).  The  empiricism  comes  in  through  the  calculation  of 
and  aa  of  the  gas. 

The  mean  beam  length  is  a  non-physical  length  that  takes  into  account  the  geometry  of  the 
situation.  A  general  rule  of  thumb  for  its  calculation  is  Lmb  —  several  speciBc 

geometries  less  general  formulae  are  given  in  [ll].  For  the  turbine  application  the  geometry 
*  was  modeled  as  the  radiation  of  a  volume  of  gas  in  a  cylinder  to  the  surface.  The  diameter  was 
modeled  as  the  blade  pitch,  for  this  case  ~  1.3  inches.  Holman  suggests  =  0.95D,  and  in 
this  case  L\fs  =  0.105  feet  was  used. 

Calculations  were  made  at  SOO^F  intervals  (3000"-5000®F)  and  at  10  atmosphere  pressure 
intervals  (10-40  atm.)  The  combustion  chemistry  was  modeled  as  follows.  Assume  a  hydrocar¬ 
bon  fuel  (methane)  and  the  following  reaction; 

CHi  +  202  -*2H20  +  C02  (A.l) 

If  we  have  a  0.03  fuel  to  air  mass  ratio  [14]  the  chemsitry  would  look  something  like  this.  Since 
air  is  approximately  30^  +  TN2  the  actual  reaction  would  be: 

60j  -I-  14i\^2  -f-  CHi  -*  2H2O  +  CO2  +  MN2  +  40j  (A.2) 

It  is  assumed  that  the  oxygen  and  nitrogen  do  not  radiate  since  their  emittances  are  small 
compared  to  carbon  dioxide  and  water  vapor  (ll).  The  partial  pressures  for  both  CO2 
H2O  are  needed;  an  intermediate  step  is  to  calculate  the  product  pcOiI'MB  and  phjoLmb- 
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These  »re  compared  to  Figures  8-34  and  8-35  in  [ll]  to  find  the  emissivity  ccoi  ud  CfTaO- 
Correction  factors  Ccoi  C'^aO  w®  applied  to  correct  for  the  given  total  pressure,  and  a 
final  correction  Ac  is  calculated  since  both  CO^  and  H^O  are  present.  The  final  formula  for  e 
is: 

ec  =  Cco^ecOi  +  Ch^o^h^o  -  Ac  (A.3) 

aa  is  calculated  in  a  similar  fashion  [11,  pgs.  41&-420]. 

The  convectional  heat  transfer  is  calculated  by  assuming  a  representative  Nusselt  number 
from  [lO].  The  same  temperatures  were  used  as  above,  but  no  correction  for  the  different 
pressure  ratios  was  attempted. 

Despite  the  T*  behavior  of  radiational  heat  transfer  this  analysis  does  not  show  the  expected 
sharp  increase  in  the  ratio  of  radiational  heat  transfer  to  total  heat  transfer  as  the  TET  increases 
to  the  stoichiometric  limit.  This  analysis  should  not  be  taken  as  the  final  word  on  the  subject 
since  several  values  in  the  analysis  were  approximate  at  best.  No  allowance  was  made  for 
particulates  in  the  flow,  nor  the  role  that  chemistry  would  undoubtedly  have  in  such  high 
temperature  flows.  Still,  not  even  a  strong  trend  toward  a  great  role  for  radiational  heat 
transfer  was  found. 
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Appendix  B 


Derivation  of  Fundamental  equations 


We  start  from  three  basic  equations: 
Continuity: 


Streamwise  Momentum: 


^  /  \  ^  \  n 

a;(<~)  +  ^(o'')  =  o 


du  dv  --  dUe  dr 


and  from  [9,  Appendix  A]  the  enthalpy  equation: 


where  x  is  the  streamwise  coordinate  and  y  is  the  normal  coordinate. 
Summing  u(B.l)  +  (B.2)  and  integrating  over  the  boundary  layer  we  have 


(B.l) 


(B.2) 


(B.3) 


n* f  d  d  du  9v. 


(B.4) 


Noting  that: 


II 

dp  2  „  9u 

33”  +^'’“33 

(B.5) 

d  , 

d  ,  .  du 

(B.6) 

= 

«3^  W  +  pv-^ 

fVt  Q 

0  oy 

PeUfVe 

(B.7) 

and  from  continuity: 
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and  from  the  definition  of  r^: 


r^dy=-r^  (B.9) 

JQ  oy 

we  have: 

Note  that 


-^(pu{Ut  -  «))  =  +  PtUt^^* 


dx 


Combining  terms  and  introducing  Cj 


(B.ll) 


^  L  ~  ^  Jo  ~  ~ 

Divide  by  PeU^  and  introduce  the  definitions  of  0  and  6*  yields 


(B.12) 


PeUfdx' 


U,  dx 


expanding  and  rewriting  yields 


(B.13) 


m  ^df,  1  du, 

dx  ^  Uf  dx  ^  pt  dx  ^  Ut  dx 

From  thermodynamic  relations  [23]  we  know 


(B.14) 


1  dpe  _  Ml  dU, 
Pg  dx  Ug  dx 

and  introducing  the  definition  of  H  we  have 


(B.15) 


?)  =  ^ 


(B.16) 
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which  the  first  of  the  three  integrated  equations.  To  get  the  second  of  the  three  integrated 
equations  we  start  from  (u^  -  l7*){B.l)+2u(B.2) 

This  can  be  grouped  as 


(u'lj(pu)  +  +  ((u'  -  +  2puv|^)  -  =  0 

(B.17) 


Note  that 


^(/ju(u’  -  u*))  +  2uUe^{p  -  Pt) 


also 


-  v^))  =  («7  -  y;)|.(,„)  +  2p„„|^ 


(B.19) 


Substituting  into  eq.  (B.17)  yields 


^(pu(u^  -  C/*))  +  2muJ^{p  -  pe)  +  ^((u* 


U^^pv)  =  2u|j 


(B.20) 


Regrouping  to  form  the  integrands  of  0*  and  6**  and  integrating  over  the  boundeiry  layer  yields 


-l-f.Ufn  -  +  ((“’  -  |S-=  2(ur  IS-  -  [\T^)dv)  (B.21) 

The  evaluated  quantities  go  to  zero  since  they  are  zero  at  the  wall  and  at  the  boundary  layer 


edge.  Noting  this  and  bringing  in  the  definition  of  Cu  yields 


dx 


{PcUle*)  + 


2p,UlCo 


(B.22) 
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Dividing  by  PtUf,  expanding  the  derivative  and  introducing  eqn.  (B.15)  yields 


^  dx  ^  dx  Ue  dx  ~ 


(B.23) 


Take  eqn.  (B.16),  multiply  by  H*,  add  to  both  sides  and  regroup  to  yield 


(n  i/* 


(B.24) 


Substitute  into  eqn.  (B.23).  Note  that 


Regroup  and  rewrite  to  form 


^  _  H*  — 
dx  dx  dx 


(B.25) 


9^  +  (2ff"  -  H'iH  ~  1))^^  =  2Co  (B.26) 

which  is  the  second  of  the  three  equations.  To  get  the  third  ^uat  o»' ve  start  with  the  enthalpy 
equation,  expand  the  derivative  and  assume  that  the  recovery  laciur  is  constant  in  z  [24].  This 
yields 

ndHj  de  ^  OH2  dp,  ^  9 Hi  dU, 
dx  ^  dx  p,  dx  U,  dx 

Introducing  eqs.  (B.15)  and  (B.16)  and  regrouping  yields 

which  is  the  third  equation. 


9iv 


PeU,CpTot 


(B.27) 
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SECTION  3 

TURBINE  AERODYNAMIC  PERFORMANCE  MEASUREMENTS 
IN  SHORT  DURATION  FACILITIES 

Abskast 

Short  duration,  blow-down  type  turbomachinery  test  facilities  offer  the  potential  for  very 
low  cost,  high  accuracy  testing  of  axial  flow  turbines  and  have  been  used  extensively  to  generate 
heat  transfer  data.  This  paper  addresses  the  use  of  these  facilities  for  turbine  aerodynamic 
performance  testing  for  research  and  developnnent  in  place  of  conventional  rigs.  Differences 
between  the  quasi-isothermal  testing  of  short  duration  rigs  and  adiabatic  testing  in  steady-state  rigs 
are  explored  and  shown  to  be  of  the  order  of  1%  in  turbine  adiabatic  efficiency.  Procedures  for 
minimizing  this  difference  during  testing  and/or  correcting  for  the  difference  during  posttest  data 
analysis  are  discussed.  The  errors  associated  with  this  correction  are  shown  to  be  below  those 
from  other  sources  in  the  turbine  measurement  processes.  Accuracy  requirements  for  pressure, 
temperature,  torque,  and  heat  transfer  instrumentation  in  short  duration  rigs  are  presented  along 
with  examples  of  current  practice.  It  is  shown  that  no  new  instrumentation  development  is 
required  for  these  facilities,  so  that  overall  they  represent  little  technical  risk.  The  conclusion  from 
the  analysis  in  the  paper  is  that  turbine  aerodynamic  performance  can  be  measured  in  short 
duration  test  facilities  at  least  as  well  as  in  conventional,  steady-state  test  rigs. 

1.  Introduction 

The  aerodynamic  performance  of  jet  engine  turbines  has  increased  enormously  over  the 
past  40  years,  with  polytropic  efficiencies  now  in  the  low  90%  range.  At  the  same  time,  turbine 
inlet  temperatures  have  risen  on  the  order  of  1000°K  through  the  development  of  extraordinary 
turbine  blade  and  disk  materials  as  well  as  sophisticated  internal  and  external  blade  cooling 
arrangements.  Thus,  the  turbine  designs  of  the  1980's  and  1990’s  produce  much  higher  power  per 
unit  mass  flow  and  a  substantial  increase  in  efficiency  compared  to  their  forebears  of  the  1950's. 
The  efficiency  increase  has  come  through  improved  design  techniques  based  both  on  better 
understanding  of  the  fluid  mechanics  of  turbines  and  the  power  of  modem  computational  tools. 
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Underpinning  this  all  are  empirical  observations  acquired  through  many  years  of  extensive  turbine 
testing  —  on  engines,  rigs,  and  subscale  experiments.  The  cost  of  turbine  testing  has  increased 
enormously  over  the  years.  An  uncooled,  "warmish"  (450°K  inlet  temperature)  rig  test  for  a  large 
turbine  typically  currently  costs  on  the  order  of  $3  million,  a  cooled  test  under  the  same  conditions 
costs  about  $5  million.  These  rig  costs  have  all  but  stopped  turbine  research  at  this  level.  Even 
engine  development  programs  have  been  greatly  affected  --  a  military  engine  program  may  include 
only  one  or  even  zero  turbine  rig  tests.  Thus,  the  only  test  a  new  turbine  design  may  see  is  in  an 
engine.  Unfortunately,  the  aerodynamic  efficiency  measurement  accuracy  currently  possible  in  a 
full  scale  engine  (1  or  2%)  is  considerably  less  than  that  demanded  of  sophisticated  turbine  design 
systems,  the  result  being  that  design  improvements  may  often  not  be  well  evaluated  by 
experiment. 

A  similar  situation  has  existed  for  heat  transfer  and  cooling.  During  the  last  decade, 
however,  a  new  technology  based  on  transient  testing  techniques  has  developed  which  provides 
highly  accurate,  detailed  turbine  measurements  at  relatively  low  cost  [1].  The  techniques  are  based 
primarily  on  the  realization  that  the  time  scales  characteristic  of  the  physical  processes  within  a 
turbine  may  be  indeed  quite  short  (on  the  order  of  hundreds  of  microseconds).  Given 
instrumentation  with  adequate  time  response  then,  a  test  time  encompassing  thousands  or  tens  of 
thousands  of  characteristic  flow  times,  sufficient  for  establishing  steady-state  behavior,  may  be 
quite  short  (less  than  a  second).  Thus,  although  the  instantaneous  power  of  a  short  duration 
turbine  test  facility  may  be  quite  high  (many  megawatts),  its  total  energy  consumption  is  very, 
very  low  -  greatly  reducing  the  construction,  maintenance,  and  power  costs  of  turbine  testing. 

To  date,  the  work  in  short  duration  turbine  test  facilities  has  been  aimed  predominantly  at 
heat  transfer  and  cooling  studies.  This  paper  addresses  the  question  of  aerodynamic  performance 
testing  of  turbines  in  short  duration  test  facilities.  We  will  review  the  state  of  the  art  of  turbine 
testing  in  conventional  facilitie.s,  examine  short  duration  facility  design  and  operation,  compare 
analytically  turbine  performance  in  steady-state  and  short  duration  test  rigs,  examine 
instrumentation  requirements  and  current  status,  and  finally  assess  the  overall  accuracy  which  can 
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be  expected  in  short  duration  turbine  test  facilides. 

2.  Current  State  of  the  Art  in  Aerodynamic  Performance  Measurements 

Before  exploring  the  use  of  short  duration  test  facilides  for  turbine  aero-performance 
testing,  it  is  important  to  define  our  terms  and  review  the  current  state  of  the  art  in  turbine  testing. 
The  goal  of  aero-performance  tesdng  is  most  usually  to  determine  turbine  power  output,  efficiency 
(usually,  but  not  always,  adiabatic  efficiency),  and  mass  flow  capacity.  None  of  these  quanddes 
can  be  measured  directly,  however,  but  must  be  inferred  from  measurements  of  quandties  related 
by  analytical  models.  Mass  flow  is  calculated  from  pressure  difference  measurements  across  a 
calibrated  orifice  or  by  temperature,  pressure,  and  velocity  traverses  of  a  well-known  geometry. 
Efficiency  is  derived  from  measurements  of  either  the  pressure  drop  across  the  turbine,  the  turbine 
torque,  and  mass  flow  ("shaft"  efficiency),  or  by  measurement  of  the  pressure  and  temperature 
ratios  across  the  turbine  and  knowledge  of  the  specific  heat  of  the  working  fluid  ("rake" 
efficiency).  Turbine  power  is  calculated  from  the  torque  and  rotor  speed  or  from  the  temperature 
drop  and  mass  flow. 

Often,  even  the  direcdy  measured  quantities  arc  "contaminated"  by  other  phenomena.  For 
example,  knowledge  of  the  totque  on  the  fluid  is  really  required  for  design  system  verificadon  and 
comparison  with  rake  efficiency  measurements.  Shaft  torque,  however,  is  the  direcdy  measured 
quandty  and  includes  contribudons  due  to  bearing  drag  and  disk  windage.  These  must  be  factored 
out  by  a  combination  of  analysis  and  measurement.  Thus,  the  net  accuracy  of  the  "directly" 
measured  quantides  must  include  not  just  instrument  error  but  also  the  effects  of  numerous 
correcdons  which  are  subsequently  applied.  The  accuracy  of  the  desired  engineering  variables 
(power,  efficiency,  mass  flow)  are  dependent  not  only  on  the  accuracy  of  the  directly  measured 
quantities  but  also  on  the  fidelity  of  the  mathematical  models  employed.  These  are  often  not  exact 
but  contain  explicit  and  implicit  assumpdons  (about  perfect  gas  reladons,  adiabatic  flow,  variadon 
in  ratio  of  specific  heats,  etc.).  Further  inaccuracies  can  be  introduced  by  probe  spatial  and 
temporal  sampling  errors  due  to  small  scale  flow  inhomogeneides,  blade  row  interacdons,  probe 
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blockage,  and  similar  fluid  mechanics  effects.  In  the  case  of  relative  measurements  (that  is, 
comparing  performance  among  stages),  many  of  these  problems  are  not  significant  and  are  thus 
commonly  neglected.  Also,  many  minor  effects  have  not  been  well  characterized  and  so  are 
neglected  on  faith. 

Turbine  performance  is  now  most  accurately  measured  in  specially  designed  steady-state 
lest  rigs  in  which  scale  (sometimes  full  scale)  model  turbines  are  operated  in  isolation.  These  rigs 
operate  at  temperatures  sufficiently  below  engine  operating  conditions  that  super  alloy  blading  is 
not  required.  Although  measurements  could  be  taken  at  room  temperature,  the  inlet  air  is  usually 
heated  to  the  4()0-8()0°K  range  to  increase  the  temperature  drop  across  the  turbine,  and  thus  the 
measurement  accuracy  given  a  fixed  temperature  sensor  resolution.  In  such  a  facility, 
measurements  of  adiabatic  efficiency  of  uncooled  turbines  are  typically  quoted  as  having 
accuracies  of  between  0.3  to  0.5%,  depending  upon  turbine  pressure  ratio. 

The  measurement  accuracy  required  for  such  measurements  can  be  analyzed  using 
standard  techniques  [2].  (We  will  assume  that  the  errors  are  uncorrelated.)  Here  we  consider  the 
turbine  sketched  in  Fig.  1  with  adiabatic  efficiency  given  as 
1-T2/Tt 

where  T2  and  Ti  are  the  stage  outlet  and  inlet  total  temperatures  respectively,  P2  and  Pi  the  stage 
outlet  and  inlet  total  pressures,  and  y  the  ratio  of  specific  heats  of  the  gas  —  assuming  the  working 
fluid  to  be  a  perfect  gas  with  constant  specific  heats.  Assuming  y  is  known  precisely,  the  sensor 
measurement  accuracy  required  for  a  given  efficiency  uncertainty  and  pressure  ratio  is  given  in 
Fig.  2.  Figure  3  replots  the  result  with  dimensional  scales  on  the  side  added  as  an  example  for  a 
turbine  with  a  pressure  ratio  of  2.5  and  a  polytropic  efficiency  of  91%  at  a  typical  cool  rig  inlet 
condition  of  Ti  =  5(X)°K,  Pi  =  6  atm.  We  can  infer  from  these  graphs  that  state  of  the  art 
temperature  and  pressure  measurements  of  0.17°K  (0.3°F)  and  0.0007  atm  (0.01  psi)  would  yield 
an  adiabatic  efficiency  measurement  accuracy  of  0.3~0.4%,  consistent  with  current  practice.  A 
similar  graph  for  torque-based  efficiency  measurements  is  shown  in  Fig.  4. 
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The  foregoing  considers  uncooled  turbines  only.  Internally  cooled  turbines  will  be 
considered  in  a  later  section.  Efficiency  measurements  in  film-cooled  turbines  are  considerably 
more  complicated  since  allowance  for  the  thermodynamic  and  fluid  mechanic  influence  of  the 
injectant  must  be  made.  This  is  done  mainly  through  modelling  and  estimation  and  is  beyond  the 
scope  of  this  paper. 

The  principal  point  is  that  turbines,  as  currently  tested  in  steady-state  facilities,  run  for  long 
periods  of  time  so  as  to  be  adiabatic.  Measurement  error  traceable  to  sensors  and  parasitic  factors 
(bearing  drag,  etc.)  account  for  uncertainties  in  efficiency  measurements  of  the  order  of  0.3  to 
0.5%  in  uncooled  turbines,  perhaps  double  that  in  cooled  devices.  Because  many  identified  but  not 
well  quantified  additional  physical  effects  are  present  in  turbines,  these  uncertainties  are  usually 
quoted  in  terms  of  back-to-back  comparisons  among  stages  rather  than  in  terms  of  absolute 
accuracies.  We  will  now  examine  how  similar  measurements  may  be  taken  in  short  duration 
facilities. 

3.  Short  Duration  Facility  Operation 

The  accurate  testing  of  any  fluid  mechanic  device  is  dependent  upon  insuring  proper 
similitude  between  the  test  facility  and  the  full  scale  device  --  and  turbines  are  no  different  in  this 
respect.  Here,  the  important  scaling  parameters  are  Reynolds  number,  Mach  number,  air  angles  to 
blading  (corrected  speed  and  weight  flow),  and  ratio  of  specific  heats  for  aerodynamic  testing.  For 
heat  transfer,  Prandtl  number  and  Ekert  number  (gas-to-wall-temperature  ratios)  are  also 
important.  In  a  short  duration  test  facility,  these  parameters  can  all  be  readily  matched  to  the 
conditions  in  a  full  scale  engine.  Although  it  would  be  possible  to  engineer  a  steady-state  facility  to 
match  all  of  these  parameters,  this  is  not  done  in  conventional  cool  or  warm  steady-state  test  rigs 
used  for  aerodynamic  testing  -  no  attempts  are  made  to  match  the  specific  heat  ratio  of  the  test 
gas,  or  the  gas-  to- wall  temperature  due  to  cost  considerations  and  the  apparent  small  uncorrectable 
influence  these  variables  have  on  turbine  aerodynamic  performance  (this  has  yet  to  be  firmly 
established  experimentally). 

Short  duration  test  facilities  can  simulate  all  of  the  nondimensional  variables  important  to 
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turbine  testing  primarily  because:  (a)  relatively  little  test  gas  is  used  during  a  test  so  that  the  gas 
composition  can  be  chosen  for  thermodynamic  rather  than  cost  considerations;  and  (b)  the  turbine 
blades  remain  at  almost  constant  temperature  during  the  short  test  time  permitting  the  maintenance 
of  the  proper  gas-to- wall-temperature  ratios  during  the  test  time.  The  key  scaling  in  such  a  facility 
is  to  set  the  turbine  blade  temperature  to  room  temperature  which  then  scales  down  the  main  and 
coolant  flow  temperatures  to  low  values  quite  compatible  with  accurate  instrumentation.  The  gas 
mixture  is  chosen  for  ratio  of  specific  heats  similarity  and  the  Reynolds  number  requirements  then 
set  the  pressures.  The  scaling  parameters  for  a  typical  turbine  are  presented  in  Table  1  for 
operation  at  full  scale,  in  two  different  size,  short  duration  facilities  employing  different  working 
gases.  All  have  almost  identical  nondimensional  scaling  parameters  and  should  therefore  perform 
in  a  similar  manner. 


TABLE  1 

TYPICAL  SHORT  DURATION  TURBINE  FACILITY  SCALING 


Full  Scale 

Engine 

_ Short  Duration _ 

(MIT)  (WRDC) 

Fluid 

Air 

Argon/Freon- 12 

N2/CO2 

Ratio  specific  heats  (y) 

1.28 

1.28 

1.28 

Mean  metal  temperature 

1118°K(1550°F) 

295°K  (72°F) 

295®K  (72°F) 

Metal/gas  temperature  ratio 

0.63 

0.63 

0.63 

Inlet  total  temperature 

1780°K  (2750°F) 

478°K  (400°F) 

478°K  (400°F) 

Cooling  air  temperature 

790°K  (960°F) 

212°K  (-77°F) 

212®K  (-77°F) 

Airfoil  cooling  air 

12.5% 

12.5% 

12.5% 

True  NGV  chord 

8.0  cm 

5.9  cm 

8.0  cm 

Reynolds  number* 

2.7  X  106 

2.7  X  106 

2.7  X  106 

Inlet  pressure,  atm 

19.6 

4.3 

3.6 

Outlet  pressure,  atm 

4.5 

1.0 

0.87 

Outlet  total  temperature 

1280°K  (I844°F) 

343°K  (160°F) 

375°K  (215°F) 

Prandtl  number 

0.752 

0.755 

0.720 

Eckert  number  (y-OM^T/AT 

1.0 

1.0 

1.0 

Rotor  speed,  rpm 

12,734 

6,190 

5,814 

Mass  flow,  kg/sec 

49.0 

16.6 

19.7 

Power,  kw 

25,000 

1,000 

2,080 

Test  time 

Continuous 

0.3  sec 

1.2  sec 

*  Based  on  NGV  chord  and  isentropic  exit  conditions. 
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Given  the  facility  requirements  implied  in  Table  1,  there  are  several  feasible  and  proven 
implementations  for  short  duration  test  facilities,  including  blowdown  [3],  piston  tube  [4],  and 
shock  tube  driven  designs  [5].  We  will  focus  here  on  blow-down  tunnels  similar  to  the  ones  at 
MIT  and  under  construction  at  the  Wright  Laboratory.  A  blow-down  tunnel  consists  of  a  heated 
supply  tank  separated  by  a  large  diameter,  fast  acting  valve  from  a  test  section  containing  the 
turbine  stage  which  discharges  into  a  vacuum  dump  tank.  Prior  to  a  test,  the  facility  is  evacuated 
(0. 1  torr)  and  the  tank  and  inlet  valve  uniformly  heated  to  the  desired  temperature.  The  supply  tank 
is  filled  to  the  appropriate  pressure  with  the  test  gas  and  then  the  turbine  (which  is  still  in  vacuum) 
is  brought  up  to  operating  speed  by  a  small  motor  drive.  A  test  is  initiated  by  opening  the  valve 
and  simultaneously  energizing  the  magnets  of  a  direct  coupled  eddy  current  brake,  which  is  used  to 
absorb  the  turbine  power. 

During  the  test  time,  the  dimensional  variables  in  the  facility  (temperatures,  pressures,  rotor 
speed)  change  somewhat,  but  the  operating  nondimensional  ratios  of  the  turbine  do  not.  A  choked 
orifice  downstream  of  the  turbine  ensures  that  the  pressure  ratio  and  corrected  weight  flow  are 
constant  while  the  eddy  current  brake  maintains  constant  corrected  speed.  Depending  upon  the 
type  of  turbine  blading  used,  the  blade  wall  temperature  can  remain  either  nearly  constant  (solid 
metal  blades),  or  rise  substantially  (thin  wall,  hollow  blades).  Figure  5  illustrates  the  time  variation 
of  important  flow  variables  in  a  blow-down  turbine  facility.  Note  that  the  conditions  important  for 
aerodynamic  similarity  —  corrected  speed  and  weight  flow  and  pressure  ratio  —  remain  constant  to 
better  than  1/2%  for  many  tenths  of  seconds,  giving  essentially  steady-state  aerodynamic  test 
conditions. 

4.  Short  Duration  vs.  Conventional  Turbine  Ri2s 

Short  duration  test  rigs  have  some  very  specific  advantages  compared  to  conventional 
steady-state  test  facilities  -  much  lower  capital  cost,  very  low  energy  consumption  and  operating 
costs,  ready  matching  of  nondimensional  thermofluid  parameters,  high  test-to-test  repeatability, 
simple  heat  flux  measurement  capability  —  to  name  a  few.  There  are  also  some  disadvantages  - 
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special  instrumentation  must  be  utilized,  high  bandwidth  data  systems  are  required,  and  very  slow 
data  rate  techniques  such  as  laser  anemometiy  cannot  be  easily  used.  These  disadvantages  are 
relatively  minor,  however,  and  really  mean  that  the  extraction  of  information  from  the  two  types  of 
facilities  is  somewhat  different.  A  less  minor  difference  is  that  the  turbine  thermodynamics  are 
slightly  different  between  the  facility  types. 

In  a  steady-state  test  rig,  as  well  as  in  a  full  scale  engine,  an  uncooled  turbine  operates  very 
close  to  adiabatically  ~  there  is  very  little  heat  transfer  between  the  woridng  fluid  and  the  walls.  In 
a  short  duration  facility,  however,  the  turbine  operates  very  close  to  isothermally  --  the  walls 
remain  at  nearly  constant  temperature.  This  temperature  may  be  made  close  to  the  adiabatic 
recovery  temperature  but  cannot  be  identically  so.  Thus,  the  enthalpy  and  entropy  of  the  flow 
change  through  the  turbine  due  to  both  heat  transfer  and  work  extraction.  This  mode  of  operation 
is  equivalent  to  a  steady-state  turbine  which  is  internally  cooled  and  can  be  analyzed  in  a  similar 
fashion.  The  heat  transfer  modifies  both  the  work  output  of  the  turbine  and  its  efficiency.  Thus, 
the  nonadiabatic  effects  must  be  included  in  test  data  reduction  and  error  estimation. 

In  a  short  duration  facility,  we  have  the  freedom  to  set  the  inlet  gas  temperature  arbitrarily, 
so  we  will  consider  two  limiting  cases.  (We  will  assume  that  the  airfoils  and  endwalls  are  not 
actively  temperature  controlled  before  a  test  and  are  thus  at  uniformly  room  temperature.)  The  first 
case  is  the  one  in  which  the  gas-to- wall-temperature  ratio  is  the  one  chosen  for  heat  transfer  (Ekert 
number)  similarity,  as  in  Table  1 .  In  this  case,  the  gas-to-wall  temperature  difference  is  relatively 
large  so  that  the  heat  transfer  is  large,  and  thus  the  nonadiabatic  conections  needed  are  relatively 
large.  The  second  limiting  case  is  the  one  in  which  the  inlet  temperature  is  set  to  match  cither  the 
nozzle  vane  or  rotor  blade  relative  temperature  (it  cannot  match  both  simultaneously  since  the 
rotation  of  the  rotor  changes  the  relative  recovery  factor  by  about  30°K  for  a  50%  reaction  turbine 
with  a  room  temperature  inlet  flow).  Because  the  gas-to-wall-tempcrature  difference  is  much  less 
in  this  case,  the  heat  transfer  is  concomitantly  reduced.  However,  the  temperature  dr<^  across  the 
turbine  is  also  reduced  so  that  the  relative  temperature  measurement  error  is  increased.  So,  at 
which  inlet  temperature  should  we  run? 
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If  the  nonadiabadc  corrections  to  the  measurements  can  be  accurately  determined,  then  the 
answer  is  the  highest  possible  inlet  temperature  to  get  the  most  instrument  accuracy.  But  if  there  is 
an  uncertainty  associated  with  the  correction  (as  there  most  certainly  will  be),  then  optimal  rig  inlet 
temperature  for  maximum  accuracy  will  lie  somewhere  between  the  two  extremes.  In  the  next 
section,  we  analyze  the  performance  of  nonadiabadc  turbines  in  order  to  answer  this  question 
quantitatively. 

5.  Nonadiabatic  Turbine  Analysis 

We  wish  to  estimate  from  measurements  made  in  a  nonadiabatic  short  duration  facility 
what  the  efficiency  and  power  output  would  be  for  the  same  turbine  operated  in  a  conventional 
adiabatic  facility.  To  do  this,  we  will  first  consider  a  reversible  turbine  with  and  without  reversible 
heat  transfer,  then  a  reversible  turbine  with  nonreversible  heat  transfer,  and  discuss  the  treatment  of 
a  turbine  with  losses  and  nonreversible  heat  transfer.  In  this,  we  follow  the  lead  of  Hawthorne  16] 
who  examined  a  similar  problem,  estimating  the  performance  loss  due  to  cooling  for  internally 
cooled  turbines. 

In  this  discussion,  we  will  let  the  subscripts  1  and  2  represent  the  turbine  inlet  and  outlet 
stagnation  conditions  respectively  (only  stagnation  conditions  will  be  referred  to  here).  Thus,  hi 
and  h2  are  the  inlet  and  outlet  enthalpies;  Ti  and  T2  the  temperatures;  and  Pi  and  P2  the  pressures. 
The  enthalpies  can  either  be  derived  exactly  from  tables  of  real  gas  properties  at  the  approjjriate 
temperatures  and  pressures  or  approximated,  as  is  often  done,  for  an  ideal  gas  with  constant 
specific  heats  as  h  =  CpT.  In  the  following  discussion,  we  will  refer  to  the  enthalpy-entropy 
diagram  in  Fig.  6,  which  is  accurately  scaled  for  the  turbine  in  Table  1 .  Note  that,  for  each  case, 
the  process  is  conducted  across  the  same  total  pressure  ratio. 

For  an  ideal  process,  the  entropy  change  across  the  turbine  would  be  zero;  then  the  exit 
enthalpy  in  this  case,  h2is,  can  be  determined  from  either  tabulated  properties  for  a  real  gas  or  from 
the  isentropic  relations  for  a  perfect  gas  with  constant  ratio  of  specific  heats,  y,  i.e.; 
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Tl 


and 


^2is=9pT2j^ 


The  work  which  is  produced  per  unit  mass  flow  under  these  ideal  isentropic  conditions  is  then 
Wis  =  hi  -  h2is,  as  indicated  in  Fig.  6. 

Real  turbines  generate  entropy  so  that  they  produce  less  work  than  the  ideal.  For  an 
adiabatic  turbine  with  losses,  the  outlet  enthalpy  is  h2ad  with  a  corresponding  work  output  of  Wad, 
where  Wad  =hl  -  h2ad-  The  adiabadc  efficiency  of  this  turbine  can  be  defined  as: 


Tlad  = 


(2) 


For  a  perfect  gas  with  constant  properties,  this  reduces  to  the  familiar  form  of  Eq.  (1),  with  T2 
replaced  by  T2ad- 

In  this  paper,  we  are  concerned  with  nonideal  turbines  which  are  also  nonadiabatic.  If  the 
total  heat  lost  to  the  walls  is  Qw,  then  the  work  output  in  this  case  is: 


W  =  hi-h2-Qw 


(3) 


where  hi  and  h2  are  the  enthalpies  measured  in  the  test.  If  we  were  to  compute  an  efficiency  of 
this  turbine  from  measurement  of  the  gas  inlet  and  outlet  enthalpies  (or  Eq.  (1)),  we  would  have  an 
indicated  efficiency,  T^ind,  of: 


hi 

We  will  define  the  torque  efficiency  as  the  measured  work  output  (from  torque  and  speed)  divided 
by  inlet  enthalpy,  i.e.: 


r]j  = 


_W_  = 

hi-h2j5 


hi  -h2-Q 
hi-h2i^ 


~  ^ind 


Qw 

hi-h2i3 


The  adiabatic  turbine  performance  is  then  related  to  the  nonadiabatic  test  results  as; 


(5) 


^ad  = 


hi 


-  h2  +  h2  -  h2. 

hl-h2i5 


~  ^ind 


hl-h2|j 


or,  alternatively: 


(6) 


277 


(7) 


Tlad  =  ^T  +  r-%— 

hi-h2i3 


h2ad-h2 

hl'h2j^ 


Thus,  we  must  know  both  the  heat  transferred  to  the  walls,  Qw,  and  how  to  form  an  estimate  of 
the  adiabatic  exit  enthalpy,  h?^.  in  order  to  "correct"  the  short  duration,  nonadiabadc  rig 
measurement  to  an  equivalent  adiabatic  efficiency. 

At  this  point,  thermodynamics  alone  is  not  sufficient;  we  must  invoke  some  turbine  fluid 
mechanics.  Let  us  first  consider  how  to  estimate  the  total  heat  transferred.  This  can  be  done  in  one 
of  several  straightforward  manners:  (1)  comparison  of  the  measured  shaft  power  with  the 
measured  aerodynamic  rake  enthalpy  (i.e.,  Eq.  (3)),  (2)  a  one-dimensional  compressible  flow 
analysis  coupled  with  Reynolds'  analogy  (as  was  done  by  Hawthorne),  (3)  a  two-dimensional  flow 
analysis  with  heat  transfer  (a  Navier-Stokes  CFD  calculation,  for  example),  or  (4)  by  direct 
experimental  measurement  of  Qw 

Next  we  must  estimate  the  adiabatic  exit  enthalpy,  which  is  not  so  simple.  There  are  two 
sources  of  entropy  (change)  which  must  be  quantified  --  that  directly  due  to  heat  transfer  and  that 
due  to  the  influence  of  the  heat  transfer  upon  the  turbine  fluid  mechanics.  To  calculate  the  entropy 
produced  directly  by  the  heat  transfer,  we  must  know  the  temperature  at  which  the  heat  is 
extracted,  since  AS  ~  SQ^/T^.  Except  for  the  shaft  and  rake  power  extraction  case,  all  of  the 
techniques  discussed  above  should  yield  both  the  heat  transfer  distribution  and  the  temperature 
distribution  with  about  equivalent  accuracy.  The  additional  loss  produced  (it  may  be  positive  or 
negative)  by  the  modification  to  the  flow  due  to  cooling  should,  we  believe,  be  of  second  order  to 
the  direct  entropy  change  due  to  cooling.  An  example  might  be  the  change  in  boundary  layer 
transition  location.  We  have  yet  to  estimate  this  effect  quantitatively,  but  believe  it  to  be  quite  small 
considering  the  small  degree  of  cooling  involved.  We  think  that  modem  computational  fluid 
dynamics  tools  could  be  profitably  brought  to  bear  on  this  problem.  The  uncertainty  in  entropy 
production  from  these  sources  is  reflected  in  the  shaded  region  in  Fig.  6,  which  represents  the 
range  in  adiabatic  efficiency  resulting  from  estimating  the  heat  extraction  to  be  at  either  the  inlet 
relative  total  or  exit  static  temperature  for  the  nozzle  and  the  rotor. 
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6.  Measuring  EfTiciencv 


We  wish  to  apply  the  type  of  analysis  discussed  in  the  previous  section  and  that  of 
Hawthorne  to  estimate  the  magnitude  of  the  corrections  required  to  estimate  the  true  adiabatic 
turbine  efficiency  (qad)  from  measurements  of  an  indicated  efficiency  (Tlind)  in  a  quasi-isothermal 
short  duration  test  rig.  The  specific  objective  is  to  bound  the  uncertainty  associated  with  this 
correction  due  to  faulty  knowledge  of  the  true  flow  variables  and  heat  transfer  (i.e.,  measurement 
errors)  and  thus  assess  the  limiting  uncertainty  on  the  efficiency  measurement.  The  question  of  the 
process-dependent  part  of  the  problem  will  not  be  addressed  in  detail  here  since  the  analysis  has 
not  yet  been  carried  out  to  any  greater  rigor  than  did  Hawthorne.  Using  Hawthorne's  results,  we 
estimate  that  the  path-dependent  nature  of  the  process  can  result  in  a  ±20%  variation  in  the  size  of 
the  correction  factor.  Since  the  process  (i.e.,  the  fluid  mechanics  of  the  turbine)  is  known  to  some 
reasonable  degree,  it  should  be  possible  to  estimate  the  actual  value  much  more  closely  with  the  aid 
of,  for  example,  a  coupled  Euler-boundary  layer  solver  or  a  two-dimensional  Navier-Stokes  code. 
Since  we  have  not  done  this  here,  we  will  not  refer  to  the  true  adiabatic  efficiency  but  rather  an 
estimate  of  it,  qad- 

As  an  example,  we  will  use  the  turbine  in  Table  1  with  a  pressure  ratio  of  4  and  an 
assumed  polytropic  efficiency  of  91%.  The  difference  between  the  indicated  and  estimated 
adiabatic  efficiency  is  shown  in  Fig.  7  as  a  function  of  average  turbine  Stanton  number.  It  can  be 
seen  that,  even  at  very  high  Stanton  No.'s,  the  correction  factor  is  on  the  order  of  1  %. 

Actual  Stanton  No.'s  for  modem  turbines  —  averaged  over  the  inlet  and  outlet  ducting,  the  vanes, 
blades,  and  endwalls  —  have  been  reported  at  values  ranging  from  0.003  [7]  to  0.10  [8]. 

In  a  short  duration  test  rig,  the  wall  and  gas  temperatures  change  continuously  —  the  wall 
temperatures  increase  (very  little  for  solid  blades,  considerably  for  hollow  blades),  while  the 
gas  temperature  decays.  Thus,  both  the  heat  transfer  to  the  turbine  and  the  resulting  difference 
between  indicated  and  adiabatic  efficiency,  qjnd  “  ^ad’  decrease  as  well.  An  estimate  of  this  is 
shown  in  Fig.  8  for  a  hollow  stainless  steel  turbine  with  a  2-mm  wall  thickness  in  a  blow-down 
turbine  facility  scaled  as  in  Table  1.  (An  external  Stanton  No.  of  0.003  and  no  internal  heat  transfer 
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were  assumed.)  The  difference  between  the  indicated  and  adiabatic  efficiency  drops  by  about  a 
factor  of  two  over  1.5  seconds. 

The  accuracy  to  which  we  can  estimate  the  turbine  adiabatic  efficiency  is  dependent  upon 
two  factors:  the  uncoiainty  in  indicated  efficiency,  Tiind,  which  comes  from  uncertainty  in 
measurement  of  the  turbine  inlet  and  outlet  temperatures  and  pressures,  and  the  uncertainty  in  the 
estimate  of  heat  flux  to  the  walls,  the  magnitude  of  which  determines  the  difference  between  the 
indicated  and  adiabatic  efficiencies.  The  heat  flux  uncertainty  may  be  considered  as  uncertainty  in 
heat  transfer  coefficient  (or  Stanton  No.)  and  wall  temperature.  (The  heat  flux  estimate  may  come 
from  either  calculation  or  experiment;  in  either  case,  there  is  uncertainty  associated  with  it.) 

Since  the  gas  temperature  and  heat  transfer  decrease  during  the  test  time  in  a  short  duration 
test  facility,  the  error  in  hind  (associated  with  gas  temperature  measurement)  increases  in  time  for 
fixed  temperature  probe  accuracy,  while  the  error  associated  with  heat  transfer  decreases  with  time. 
If  we  assume  that  the  only  source  of  error  in  correcting  from  indicated  to  adiabatic  efficiency  is  in 
assessing  the  amount  of  heat  transfer,  then  the  accuracy  of  the  adiabatic  efficiency  estimate  is  a 
function  of  both  test  time  and  heat  flux  determination  accuracy.  This  is  illustrated  in  Fig.  9  for  the 
same  conditions  as  in  Fig.  8,  and  temperature  and  pressure  measurement  accuracies  of  0.1 7°K  and 
0.0007  atm  respectively.  In  the  case  of  perfect  knowledge  of  the  wall  heat  flux  (5Qw/Qw  =  0),  the 
accuracy  of  adiabatic  efficiency  estimate  decreases  with  time  because  the  turbine  and  outlet 
temperatures  are  dropping,  so  that  the  relative  temperature  measurement  errors  increase.  For 
relatively  poor  knowledge  of  the  turbine  heat  transfer  (5(^/Qw  =  50%),  the  heat  flux  uncertainties 
dominate  and  the  efficiency  accuracy  increases  with  test  time  as  the  heat  flux  drops.  It  is 
interesting  to  note  that,  for  this  example,  the  temperature  measurement  and  heat  flux  errors  roughly 
balance  out  for  a  2-second  test  time,  so  that  efficiency  measurement  accuracy  is  only  weakly 
dependent  on  the  magnitude  of  the  heat  flux. 

As  the  turbine  inlet  temperature  increases,  the  accuracy  to  which  the  temperature  drop 
across  the  turbine  can  be  measured  increases,  increasing  hind  accuracy;  but  the  heat  transfer  also 
increases,  decreasing  the  accuracy  of  the  nonadiabatic  cOTrection  needed.  Thus,  an  optimum  test 
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inlet  temperature  which  minimizes  the  total  error  might  exist  This  is  indeed  the  case  and  an 
example  is  shown  in  Fig.  10  (same  conditions  as  Fig.  9).  The  value  of  the  optimum  inlet 
temperature  is  a  function  of  the  uncertainty  in  the  heat  flux.  In  the  case  of  perfect  knowledge  of  the 
heat  flux,  the  uncertainty  in  efficiency  decreases  monotonically  with  gas  inlet  temperature.  At  high 
levels  of  uncertainty  in  heat  flux,  however,  the  optimum  gas  inlet  temperature  dix^s  -  approaching 
the  turbine  wall  temperature.  For  higher  levels  of  Stantcm  No.  than  shown  in  the  figure,  the 
optimum  temperature  will  decrease.  For  example,  the  q)timum  inlet  temperature  is  about  330°K 
for  an  average  Stanton  No.  of  0.01  and  50%  8Qw/Qw 

The  above  figures  are  estimates.  They  are  meant  to  be  exemplary  and  will  change 
somewhat  for  different  turbines.  They  show,  however,  that  the  influence  of  the  nonadiabatic 
nature  of  short  duration  rigs  is  quite  small,  requiring  an  efficiency  correction  on  the  order  of  only 
1%  or  so.  Furthermore,  the  figures  illustrate  that  the  magnitude  of  the  correction  factors  needed 
can  be  estimated  to  the  point  where  they  are  not  a  dominant  source  of  error  in  the  turbine  aero- 
performance  measurement. 


7.  Measuring  Mass  Flow 


Accurate  turbine  mass  flow  measurement  is  required  in  order  to  evaluate  stage  shaft 
efficiency  and  turbine  capacity.  In  an  isentropic  blow-down  type  short  duration  facility,  the  supply 
tank  acts  as  a  stagnation  plenum  so  that  from  continuity  the  mass  flow  is  a  unique  function  of 
stagnation  pressure  in  the  tank  [9].  Specifically,  the  mass  flow  at  any  given  time  (t)  is: 


m(t)  =  -V^  = 
dt 


P(0) 

RT(0) 


(8) 


where  V  is  the  supply  tank  volume,  P(0)  the  initial  tank  pressure,  p(t)  the  gas  density  at  time  t, 
T({))  the  initial  temperature,  y  the  ratio  of  specific  heats,  and  t  the  blow-down  time  constant 
obtained  by  analysis  or  by  fitting  the  measured  pressure  history  data  to  an  isentropic  blow-down 
model.  Thus,  given  accurate  determination  of  the  supply  tank  volume,  the  mass  flow  from  the 
tank  can  be  calculated  from  the  knowledge  of  the  initial  conditions  T(0),  P(0),  and  the  tank 
pressure  history.  The  tank  volume  can  be  directly  measured  by  filling  it  with  water  or  by  blowing 
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down  through  a  calibrated  orifice  and  fitting  to  the  above  equation.  For  comparative 
measurements  among  stages,  the  tank  volume  drops  out  and  the  accuracy  is  limited  only  by  the 
pressure  measurement  and  thus  can  be  very  repeatable. 

An  alternate  method  of  measuring  the  mass  flow  (which  requires  many  more 
measurements)  is  to  note  that  the  flow  downstream  of  the  turbine  is  choked  during  the  test  time 
and  therefore  the  corrected  mass  flow  per  unit  area  is  constant,  i.e.; 

.  _  const  P(t)A 

vyinw  (9) 

Thus,  the  mass  flow  can  be  estimated  from  surveys  of  the  temperature  and  pressure  across  the 
flow  path  of  known  area.  Figure  1 1  shows  the  accuracy  of  pressure  and  temperature  measurement 
required  for  a  given  accuracy  of  mass  flow.  As  can  be  seen,  the  accuracies  required  for  mass  flow 
measurement  are  less  than  those  necessary  for  efficiency  measurement,  so  that  mass  flow  can  be 
quite  accurately  determined  in  a  blow-down  type  facility. 

8.  lnstrumentatiQal!pr.Sliflit  J^uratiun  Facilities 

The  preceding  sections  have  delineated  the  instrumentation  accuracy  required  for 
aerodynamic  performance  testing  in  short  duration  turbine  test  rigs.  The  accuracy  necessary  is  no 
different  than  for  conventional  steady-state  rigs  operating  at  the  same  inlet  stagnation  conditions. 
(By  accuracy,  we  refer  to  factors  such  as  stability,  offset,  bias,  precision,  calibration  errors,  and 
traceability  which  together  contribute  to  the  uncertainty  of  the  measurement.)  What  is  different  for 
short  duration  rigs  are:  (a)  that  the  accuracy  need  be  maintained  over  only  a  short  period 
(seconds),  and  (b)  that  the  frequency  response  of  the  instrumentation  must  be  significantly  higher. 
The  relaxed  accuracy  stability  criteria  is  useful  only  when  the  instruments  are  calibrated 
immediately  preceding  and  following  a  test  run  (as  is  the  usual  practice). 

Instrumentation  in  a  blow-down  type  test  rig  must  respond  on  two  time  scales.  The  first  is 
the  step  change  at  rig  tum-on  (typically  with  a  50  ms  rise  time)  from  the  quiescent  ambient  state  to 
the  turbine  inlet  and  outlet  conditions,  as  illustrated  in  Table  1.  The  second  time  scale  is  that  of  the 
blow-down  of  the  supply  tank.  This  is  a  relatively  long  exponential  decay  with  a  time  scale  of  20 
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to  30  seconds,  depending  upon  the  particular  turbine  and  facility.  The  result  is  that  the  inlet 
stagnation  temperature  and  pressure  drop  10%  and  30%  respectively  from  their  initial  values  over 
a  1 -second  test  time.  Clearly  then,  it  is  the  start-up  transient  which  determines  the  frequency 
response  required  of  the  instrumentation.  We  will  examine  how  the  time  response  and  accuracy 
required  can  be  achieved. 

8.1  Pressure  Measurement 

A  pressure  measurement  system  consists  of  three  principal  elements:  a  port  or  probe 
which  samples  the  flow  field  and  provides  a  uniform  static  pressure  to  a  remote  transducer,  the 
transducer  which  converts  the  pressure  to  an  electrical  signal,  and  suitable  signal  conditioning  and 
calibration  equipment.  The  signal  conditioning  and  calibration  equipment  can  be  the  same  for  a 
short  duration  facility  as  for  a  steady-state  rig  since  the  100-hertz  frequency  response  required  is 
readily  achieved.  Commercially  available  transducers  have  sufficient  accuracy  and  resolution  [10]. 
The  key  difference  is  that  close  attention  must  be  paid  to  the  pneumatic  time  response  of  the 
measurement  system  from  the  probe  entrance  to  the  transducer.  Fast  (tens  of  hertz)  time  response 
requires  that  the  resonant  frequency  of  this  system  be  well  above  that  necessary  for  the  turbine 
measurements  and  that  the  system  be  well  damped.  To  achieve  this,  the  tube  connecting  the  flow 
to  the  transducer  must  have  a  small  length-to-diameter  ratio  and  the  volume  before  the  transducer 
should  be  as  small  as  possible,  ideally  zero.  The  engineering  tradeoff  is  on  the  tube  diameter, 
which  is  limited  on  the  small  end  by  viscous  damping  and  at  the  large  end  by  blockage  and  spatial 
resolution  considerations.  These  effects  are  readily  estimated  from  published  information  and 
apply  to  both  wall  static  and  flow  probe  measurements  [11],  [12], 

Fast  response  total  pressure  rakes  have  been  constructed  and  tested  on  the  MIT  blow-down 
turbine  facility.  The  rakes  (Fig.  12)  are  of  standard  vented  Kiel  head  design  with  1.2-mm  diameter 
.sampling  tubes.  To  ensure  that  the  rise  time  for  the  probes  is  no  more  than  20  ms,  the  total  length 
of  the  tubing  from  the  inlet  orifice  to  the  transducer  face  is  less  than  15  cm.  Individual  transducers 
with  very  small  volumes  are  used  on  each  port.  These  rakes  have  proved  stable,  accurate,  and 
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rugged  over  many  blow-down  tests  [13]. 

8.2  Temperature  Measurement 

Gas  stagnation  temperature  is  conventionally  measured  with  impact  thermocouples  which 
are  placed  within  a  vented  tube  or  shroud,  arranged  so  as  to  yield  recovery  factors  near  one  and 
enhanced  time  response.  The  shroud  also  acts  as  a  radiation  shield.  These  vented  thermocouples 
are  then  arranged  in  rakes  or  traversed  in  probes  to  survey  the  flow  field.  In  their  usual 
implementation,  the  pitot-type  arrangements  yield  time  responses  which  are  too  long  to  be  of 
interest  here  -  seconds  or  even  tens  of  seconds.  It  is  possible,  however,  to  engineer  such  probes 
to  give  both  fast  (tens  of  milliseconds)  and  accurate  (tenths  of  degree)  response. 

The  sources  of  error  in  a  vented  thermocouple  probe  include  recoveiy  factor,  radiation, 
junction  calibration  and  reference  errors,  aging  and  stability,  noise,  and  steady  and  transient 
conduction  along  the  junction  support.  With  the  exception  of  transient  conduction,  these  error 
sources  are  common  to  all  thermocouple  probes  used  in  steady-state  facilities  and  thus  need  not  be 
discussed  here.  The  transient  conduction  error  is  unique  to  transient  operation  and  results  from  the 
heat  loss  driven  by  the  temperature  difference  between  the  thermocouple  junction  at  the  recovery 
temperature  and  the  probe  body,  which  tends  to  remain  isothermal  during  the  short  (1  sec)  test 
time.  If  not  otherwise  taken  into  account,  this  error  source  is  dominant  arid  of  unacceptably  large 
magnitude.  Fortunately,  there  are  several  ways  available  to  reduce  this  error  to  an  acceptable  size. 

One  technique  is  to  reduce  the  amount  of  conduction,  either  by  mounting  the  thermocouple 
junction  on  a  very  long  length-to-diameter  ratio,  nonconductive  standoff  or  by  actively  heating  the 
probe  body  before  the  test  to  what  its  equilibrium  steady-state  temperature  would  be.  Another 
approach  is  to  mount  a  second  thermocouple  junction  at  the  base  of  the  primary  junction  support  - 
thus  facilitating  a  close  estimation  of  the  conductive  heat  loss  —  and  then  apply  an  explicit 
correction  during  the  data  reduction  process.  Obviously,  the  techniques  may  be  used  in 
combination  [14], 

Fast  response  total  temperature  rakes  of  this  type  have  been  constructed  and  tested  at  MIT 
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(Fig.  13).  These  are  of  vented  shield  design  and  use  20-inm  diameter  disk  thermocouples 
mounted  on  a  0.076  mm  diameter  by  7.6-mm  long  quartz  standoff  to  reduce  conduction  error. 
Servo-controlled  internal  heaters  maintain  the  probe  within  a  few  degrees  of  its  equilibrium 
recovery  temperature.  This  probe  design  reduces  the  conduction  error  below  that  of  other  sources 
and  has  proved  quite  rugged  over  many  blow-down  turbine  tests  (Ref.  [13]).  Work  is  ongoing  to 
refine  the  temperature  probe  calibrations  and  to  evaluate  simpler  designs  incorporating  reference 
junctions  in  the  junction  support  to  permit  posttest  correction  and  eliminate  the  rather  complex 
temperature  servo  loops. 

8.3  Heat  Transfer  Measurement 

Heat  transfer  measurements  can  be  readily  made  on  turbine  airfoil  and  endwall  surfaces, 
either  for  cooling  system  verification  or  to  provide  accurate  correction  factors  for  isothermal  aero- 
performance  testing  discussed  earlier.  Several  different  techniques  have  evolved  over  the  last  two 
decades  but  they  all  use  the  rate  of  change  of  surface  temperature  of  an  insulated  surface  to  infer 
both  the  steady  and  fluctuating  components  of  the  heat  flux.  The  key  is  to  thermally  decouple  a 
tempierature  sensor  from  the  turbine  walls.  The  most  basic  scheme  uses  thin  film  resistance 
thermometers  painted  onto  a  thermally  nonconducting  test  article,  or  nonconductive  plugs  inserted 
into  the  surface  (Fig.  14a)  [15].  An  improvement  on  this  technique  uses  a  thin  (0.2  mm)  ceramic 
baked-on  layer  as  the  insulator  (Fig.  14b)  [16].  A  third  technique  uses  two  temperature  sensors 
fabricated  on  either  side  of  a  thin  (25  pm)  high-temperature  plastic  (Kapton)  which  is  then 
adhesively  bonded  to  the  surface  to  be  measured  (Fig.  14c)  [  17].  The  plastic  functions  as  a 
thermal  shunt,  with  the  temperature  difference  between  the  two  sensors  being  directly  proportional 
to  the  heat  flux.  The  accuracy  of  the  heat  flux  measurement  is  mainly  dependent  on  the  gauge 
calibrations.  These  are  generally  in  the  2-5%  accuracy  range  but  could  be  readily  improved  to  the 
1  %  level  if  required. 

8.4  Torque  Measurement 

Shaft  torque  measurement  in  short  duration  blow-down  test  facilities  is  much  less 
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developed  than  are  temperature,  pressure,  and  heat  flux  measurements.  At  MIT,  shaft  torque  is 
measured  by  calilnating  the  performance  of  the  eddy  current  brake.  In  such  a  device,  the  torque  is 
directly  proportional  to  the  square  of  the  magnetic  field  strength  and  thus  the  square  of  the  current 
through  the  magnet  coils  (the  magnet  geometry  is  fixed),  which  is  measured  with  a  shunt  during 
each  test.  The  brake  is  calibrated  by  measuring  the  rate  of  change  of  rotational  speed  of  the  rotor 
system  when  the  brake  is  actuated  in  vacuum.  By  running  at  different  initial  rotational  speeds  and 
with  different  rotor  moments  of  inertia,  the  analytical  model  of  brake  behavior  could  be  compared 
against  the  actual  performance.  At  the  moment,  this  agreement  is  at  the  1/2%  level,  which  thus 
establishes  the  test-to-test  relative  accuracy.  The  absolute  accuracy  is  dependent  on  the  accuracy  of 
the  knowledge  of  the  true  moment  of  inertia  of  the  system,  which  has  not  been  established  yet. 

Note  that  bearing  drag  is  not  a  factor  here.  The  blow-down  type  facilities  are  operated  with 
extremely  low  bearing  preload  in  order  to  reduce  bearing  heating  (at  some  cost  to  bearing  life,  of 
course,  but  that  is  not  a  problem  here),  and  thus  have  very  low  drag.  It  is  well  below  10"^  of  the 
turbine  design  torque.  Thus,  bearing  drag  need  not  be  factored  out  of  the  torque  measurement  - 
an  advantage  of  short  duration  test  rigs. 

Another  approach  would  be  to  mount  the  eddy  brake  magnet  assembly  on  load  cells  and 
measure  the  reaction  force  directly,  as  is  done  in  steady-state  brakes.  Alternately,  the  shaft  can  be 
directly  instrumented  for  torque  -  although  there  is  a  conflict  between  the  torque  measurement 
requirements  of  relatively  low  torsional  stiffness  and  the  rig  dynamics  which  want  high  stiffness. 
Commercial  torque  meters  with  frequency  response  in  the  10  Hz  range  may  be  able  to  yield 
accuracies  better  than  0.5%.  Ideally,  two  or  more  torque  measurement  schemes  could  be  used 
simultaneously  as  a  consistency  check.  This  is  an  area  in  which  there  is  ongoing  work. 

9.  Discussion  and  Conclusions 

We  believe  that  we  have  shown  that  aerodynamic  performance  testing  of  uncooled  turbines 
to  state-of-the-art  standards  is  quite  feasible  in  short  duration  turbine  test  facilities.  The  only  fluid 
mechanics  difference  is  due  to  the  nonadiabatic  nature  of  the  short  duration  test  process,  amounting 
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to  less  than  \%  in  efficiency  in  most  cases.  Furthennore,  this  effect  can  be  readily  estimated  to  the 
10-20%  level  (better  if  heat  flux  measurements  are  made  on  the  turbine)  so  that  the  net  contribution 
to  the  turbine  adiabatic  efficiency  measurement  is  no  more  than  0.1 -0.2%. 

The  instrumentation  required  for  aero-performance  measurements  in  short  duration 
facilities  is  not  much  different  than  for  conventional  steady-state  rigs.  Pressure  and  temperature 
instrumentation  with  adequate  time  response  have  been  demonstrated  at  MTT  and  shown  to  be 
rugged  enough  for  routine  use.  Shaft  torque  measurement  at  the  0.25%  level  (which  is  not  strictly 
required)  has  yet  to  be  demonstrated  on  such  rigs,  but  relative  accuracy  between  tests  to  about 
0.5%  has  been  demonstrated. 

The  real  proof  of  the  concept  is  back-to-back  testing  of  the  same  physical  hardware  in  a 
short  duration  and  a  steady-state  rig.  This  has  yet  to  be  done  in  a  sufficiently  rigorous  fashion  to 
permit  accurate  comparison.  In  particular,  performance  accuracy  at  the  0.3-0.5%  level  requires  not 
just  accurate  instrumentation  but  also  extensive  spatial  coverage  so  as  to  sample  nonuniformities  in 
the  flow  field  with  sufficient  resolution.  A  tninsonic  compressor  stage  was  tested  in  a  short 
duration  and  a  conventional  facility  yielding  close  agreement  (Table  2)  but  since  the  test  goals  were 
different  than  those  discussed  here,  instrument  calibration  was  not  sufficient  to  demonstrate 
agreement  to  the  fraction  of  a  percent  level  [1].  This  is  indicated  in  Table  2  by  the  difference  in 
significant  figures  for  the  two  sets  of  test  data. 

TABLE  2 

COMPARISON  OF  BLOWDOWN  AND  STEADY  RIG  DATA 
-  NASA  LeRC  STAGE  67  LOW  ASPECT  RATIO  FAN  ROTOR  - 

Blowdown*  Steady  State** 

Mass  flow  33.0  kg/sec  33.25  kg/sec 

Pressure  ratio  1.68  1.688 

Adiabatic  efficiency  90%  90.6% 


*  Time  average  of  high  frequency  response  data 

**  Data  smooth  in  throughflow  deck 
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This  paper  makes  a  case  for  the  aerodynamic  testing  of  uncooled  turbines  in  short  duration 
test  rigs;  what  about  film  cooled  stages,  v  aracteristic  of  high  pressure  turbines?  We  would  expect 
the  difference  in  turbine  performance  between  the  two  types  of  rig  to  be  much  less  for  cooled 
stages  than  for  uncooled  stages  (and  it  was  small  for  uncooled  stages).  The  short  duration  facilities 
are  scaled  such  that  the  cooled  turbine  steady-state,  mean-metal  temperature  is  the  initial  metal 
temperature  (room  temperature)  so  that  there  is  no  thermal  disequilibrium  as  there  is  for  the 
uncooled  turbine.  This  is  accomplished  by  supplying  refrigerated  coolant  (see  Table  1).  Thus,  the 
mean  cooled  turbine  behavior  is  essentially  the  same,  independent  of  rig  type.  The  only  variations 
are  the  local  ones  in  the  blades  as  they  come  to  their  steady-state  temperature  distributions,  and  the 
difference  between  the  NGV  and  rotor  mean  operating  temperatures  as  designed  for  engine 
operation.  These  effects  are  much  weaker  than  the  uncooled  stage  nonadiabatic  behavior  and  thus 
should  be  entirely  negligible.  Nevertheless,  a  thorough  error  analysis  must  still  be  done  for  a 
cooled  turbine. 

Overall,  the  use  of  short  duration,  blow-down  type  test  facilities  for  turbine  aero- 
performance  testing  looks  extremely  promising.  No  new  technology  need  be  developed  to  achieve 
state-of-the-art  accuracy.  In  addition,  information  not  easily  available  from  steady-state  facilities 
such  as  heat  transfer  can  be  readily  obtained.  The  very  significant  cost  savings  that  sY  )n 

facilities  offer  may  significantly  improve  our  ability  to  finance  the  testing  that  advanced  engine 
research  and  development  will  require. 
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Uncertainty  in  Outlet  Pressure 


(psi)  (atm)  5P/P(%)  Sm  (%)  T2  (°K) 


Fig.  2:  Uncertainty  in  rake  adiabatic  efficiency  measurement  (SiiAl)  is  a  function  of  the 
turbine  pressure  ratio  as  well  as  the  uncertainties  in  measured  temperature  and 
pressure.  The  numerical  scales  on  the  sides  are  shown  as  an  example  for  the 
exit  temperature  (T2)  and  pressure  (P2)  for  a  4-to-l  pressure  ratio  turbine 
operated  with  5(X)°K,  6  atm  inlet  conditions. 
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Uncertainty  in  Outlet  Temperature 


Uncertainty  in  Outlet  Pressure 


Uncertainty  in  Efficiency 
5nn\  (%) 


Fig.  3:  Uncertainty  in  rake  adiabatic  efficiency  as  a  function  of  pressure  and  temperature 
measurement  uncertainty  for  a  pressure  ratio  of  2.5  turbine.  The  numerical  scales 
on  the  sides  are  examples  for  a  turbine  with  inlet  conditions  of  500°K  and  6  atm, 
typical  of  cool  rigs. 
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Uncertainty  in  Outlet  Temperature 


Uncertainty  in  Outlet  Pressure 


5  P/P  (%) 


Turbine  Pressure  Ratio  (P^  /F^  ) 


Fig.  4:  Uncertainty  in  turbine  adiabatic  efficiency  (Sri/'H)  based  on  torque  measurements 
as  a  function  of  pressure  measurement  uncertainty.  The  uncertainties  in  inlet 
temperature,  torque,  and  mass  flow  are  assumed  to  be  1/2  the  uncertainty  in 
efficiency.  The  side  bars  are  for  an  example  with  500°K,  6  atm  inlet  conditions. 
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Fig.  5:  Time  history  for  the  MIT  Blowdown  Turbine  Rig  showing  that:  (a)  although  the  turbine 

pressure  ratio  is  constant  at  4: 1,  the  inlet  and  outlet  temperatures  and  pressures  decay  during 
the  test;  and  (b)  that  the  turbine  corrected  speed  is  constant  to  1/4%  over  the  0.3  second  useful 
test  time.  The  WRDC  facility  will  have  a  four  times  longer  test  time. 
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Average  Stanton  No.,  St 


Fig.  7:  Percentage  difference  between  the  rake  efficiency  measured  in  an  isothermal 
test  (Tiind)  and  an  estimate  of  the  true  adiabatic  efficiency  Sl^ad  as  a  function 
of  average  turbine  Stanton  No. 
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Fig.  8.  The  difference  between  the  indicated  efficiency  as  measured  with  rakes  (T)ind) 
and  an  estimate  of  the  true  adiabatic  efficiency  Sf^ad  decreases  with  time  for 
the  2  mm  thick,  hollow  stainless  steel  turbine  blades  modelled  here. 
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Uncertainty  in  Wall  Heat  Flux 


Test  Time  (sec) 


Uncertainty  in  Adiabatic  Efficiency 
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Fig.  9;  The  uncertainty  in  the  estimated  adiabatic  efficiency  8f|ad/^)ad  for  a  quasi- 
isothermal  test  is  a  function  of  the  uncertainty  in  the  heat  flux  to  the  walls 
(5Qw/Qw)  and  the  test  time  for  hollow  turbine  blades,  since  the  gas-to-wall 
temperature  difference  decreases  with  time.  The  uncertainty  in  heat  flux  can 
be  expressed  in  terms  of  uncertainty  in  Stanton  No.  and  wall  temperature  (Tw). 
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Fig.  10;  The  uncertainty  in  adiabatic  efficiency  is  a  function  of  uncertainty  in  wall  heat 
flux  and  inlet  temperature  for  a  fixed  uncertainty  in  temperature  measurement. 
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Uncertainty  in  Pressure 
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Fig.  1 1 :  Uncertainty  in  mass  flow  from  rake  measurements  as  a  function  of  temperature 
and  pressure  uncertainty.  The  dimensional  example  is  for  inlet  conditions  of 
500°K  at  6  atm. 
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Pressure  Transducers, 
One  Per  Port 
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Fig.  13:  A  fast  response  vented  thermocouple  rake  used  in  the  MIT  blowdown  turbine  facility. 
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C)  Multilayer-Multisensor 


Fig.  14:  Heat  transfer  in  short  duration  turbine  rigs  has  been  measured  using 
these  three  types  of  heat  flux  sensors. 
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